San Jose State University

SJSU ScholarWorks
Master's Theses

Master's Theses and Graduate Research

Spring 2022

Origins and relationships of the units in and adjacent to the Ross
Lake fault zone, North Cascades, Washington
Leonard Hogan
San Jose State University

Follow this and additional works at: https://scholarworks.sjsu.edu/etd_theses

Recommended Citation
Hogan, Leonard, "Origins and relationships of the units in and adjacent to the Ross Lake fault zone, North
Cascades, Washington" (2022). Master's Theses. 5265.
DOI: https://doi.org/10.31979/etd.rgqp-6bj3
https://scholarworks.sjsu.edu/etd_theses/5265

This Thesis is brought to you for free and open access by the Master's Theses and Graduate Research at SJSU
ScholarWorks. It has been accepted for inclusion in Master's Theses by an authorized administrator of SJSU
ScholarWorks. For more information, please contact scholarworks@sjsu.edu.

ORIGINS AND RELATIONSHIPS OF THE UNITS IN AND ADJACENT TO THE ROSS
LAKE FAULT ZONE, NORTH CASCADES, WASHINGTON

A Thesis
Presented to
The Faculty of the Department of Geology
San José State University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science

by
Leonard David Hogan III
May 2022

© 2022
Leonard David Hogan III
ALL RIGHTS RESERVED

The Designated Thesis Committee Approves the Thesis Titled

ORIGINS AND RELATIONSHIPS OF THE UNITS IN AND ADJACENT TO THE ROSS
LAKE FAULT ZONE, NORTH CASCADES, WASHINGTON
by
Leonard David Hogan III

APPROVED FOR THE DEPARTMENT OF GEOLOGY

SAN JOSÉ STATE UNIVERSITY

May 2022

Robert Miller, Ph.D

Department of Geology

Ellen Metzger, Ph.D

Department of Geology

Jonathan Miller, Ph.D

Department of Geology

ABSTRACT
ORIGINS AND RELATIONSHIPS OF THE UNITS IN AND ADJACENT TO THE ROSS
LAKE FAULT ZONE, NORTH CASCADES, WASHINGTON
By Leonard David Hogan III
The North Cascades of Washington preserves a wide range of crustal levels in and
adjacent to a Cretaceous magmatic arc. Field, petrographic, and detrital zircon
geochronological research focused on a discontinuous, 55-km-long belt of metasedimentary
rocks in the NW-striking Ross Lake fault zone (RLFZ) within the North Cascades. In the
NW, metapelitic rocks of the Little Jack unit have an Early Jurassic maximum depositional
age (MDA) and strong ductile fabrics in contrast to clastic rocks on the E with an Early
Cretaceous MDA and primary structures, confirming the presence of the dextral Hozameen
fault. To the SE, the oldest unit (~110 Ma), the greenschist-facies South Creek
metaconglomerate, lays unconformably on Triassic Twisp Valley Schist (TVS) quartzite.
Along strike, ≤ 88 Ma (MDA), fine-grained TVS meta-turbidites (phyllites) structurally
overlie the quartzite unit along an unconformity or fault. Structurally higher mylonitic,
greenschist-facies metavolcanic rocks may, in turn, be younger than the phyllites. Other
metaclastic rocks between the core and Methow basin include the Cretaceous (~99 Ma
MDA) Easy Pass unit and amphibolite-facies biotite schist (MDA ~90 Ma) in the Foggy Dew
segment of the RLFZ. The units with ~100–88 Ma MDAs contrast with rocks in the
Cascades core arc and postdate almost all clastic rocks of the Methow basin. The phyllites
and metaconglomerates are likely tied to the core rocks and imply incorporation of backarc
rocks into the Cretaceous arc.
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INTRODUCTION
The North Cascades of Washington is an exceptional locale to study tectonic processes at
different crustal levels in and adjacent to a Cretaceous to Eocene magmatic arc. In particular,
some of the metasedimentary rocks in the North Cascades contain kyanite and sillimanite
mineral assemblages, providing evidence for deep burial (≥30 km) of sediments within the
Cretaceous arc. Three major mechanisms are proposed for sediment burial in arc systems,
such as the North Cascades (Fig. 1). These mechanisms include: (1) relamination from the
forearc, where metasedimentary rocks pass through the accretionary wedge and subduct
beneath the arc, and because they are less dense than the surrounding material, they rise
buoyantly beneath the overriding plate (e.g., Hacker et al., 2011); (2) underthrusting of
sedimentary rocks from the backarc within or beneath the arc (Ducea, 2001; DeCelles et al.,
2009); and (3) burial by low-angle underplating of forearc sedimentary rocks (e.g., Saleeby,
2003).
In the North Cascades (Fig. 2), the Ross Lake fault zone forms the boundary between the
Cretaceous to Eocene arc and backarc. Because of this, the Ross Lake fault zone shows a
complex structural history. To the west of the fault zone, amphibolite-facies mineral
assemblages within the Skagit Gneiss Complex of the Cascades core indicate burial of
metasedimentary rocks to >30 km within the Cretaceous arc (Brown and Walker, 1993;
Whitney et al., 1999; Miller and Paterson, 2001; Gordon et al., 2010a), whereas to the east of
the fault zone, sub-greenschist-facies mineral assemblages in the Methow basin indicate
shallow burial (Misch, 1966; Barksdale, 1975; Tabor et al., 1989). The fault zone records
dextral transpression from ~68 to 57 Ma, and dextral transtension from ~57 to 45
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assemblages within the Skagit Gneiss
Complex of the Cascades core indicate burial
of metasedimentary rocks to >30 km within
the Cretaceous arc (Brown and Walker, 1993;
Whitney et al., 1999; Miller and Paterson,
2001; Gordon et al., 2010a), whereas to the
east of the fault zone, sub-greenschist-facies
mineral assemblages in the Methow basin
indicate shallow burial (Misch, 1966;
Barksdale, 1975; Tabor et al., 1989). The fault
zone records dextral transpression from ~68 to
57 Ma, and dextral transtension from ~57 to 45
Ma (Miller and Bowring, 1990; Haugerud et
al., 1991; Miller, 1994).

Figure 1. Three proposed mechanisms
of sediment burial in an arc setting.
Modified from Sauer et al. (2017a).
(Ducea, 2001; Saleeby, 2003; DeCelles
et al., 2009; Hacker et al., 2011).

In the Ross Lake fault zone, Jurassic-Cretaceous sedimentary and lesser volcanic rocks of
the Methow basin to the east are in contact with Triassic to Eocene, medium- to high-grade
metamorphic and plutonic rocks of the North Cascade core to the west (Misch; 1966; Miller
et al., 1993; Gordon et al., 2010a) (Fig. 3). The Methow basin originated as a forearc basin,
probably associated with the Okanagan Range arc to the east (Coates, 1974; Barksdale,
1975), but it was translated by sinistral strike skip into a backarc position to the Cretaceous

2

Figure 2. Geologic map of the North Cascades in the North American
Cordillera. Modified from Sauer et al. (2018). CH-Cascade River – Holden Unit;
CS-Chiwaukum Schist; IO-Ingalls Ophiolite; NQ-Napeequa Unit; RLFZ-Ross
Lake fault zone.
arc to the west by ~91 Ma (Monger et al., 1994). metamorphic and plutonic rocks of the
North Cascade core to the west (Misch; 1966; Miller et al., 1993; Gordon et al., 2010a) (Fig.
3). The Methow basin originated as a forearc basin, probably associated with the Okanagan
Range arc to the east (Coates, 1974; Barksdale, 1975), but it was translated by sinistral strike
skip into a backarc position to the Cretaceous arc to the west by ~91 Ma (Monger et al.,
1994).
The Ross Lake fault zone contains low-grade to high-grade metasedimentary units of
uncertain origins and connections to adjacent terranes (Fig. 3). Several of the
metasedimentary units have been interpreted to have a Methow basin protolith (Misch, 1966;
Miller et al., 1994, Gordon et al., 2010a), including the Little Jack unit (Misch, 1966, Tabor
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Figure 3. Geologic map of the Ross Lake fault zone region. Modified from
Gordon et al. (2010a).
et al., 1989), Easy Pass metaconglomerate (Miller et al., 1994; Haugerud and Tabor, 2009),
South Creek metaconglomerate (Dragovich et al., 1997), and potentially clastic-dominated
parts of the Twisp Valley Schist (Miller et al., 1994). The Twisp Valley Schist has been
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correlated with and is the local name of the Napeequa Schist of the Cascades core to the
west; both are a metamorphosed oceanic assemblage of quartzite, amphibolite, quartz-rich
schist, and hornblende schist with minor gneiss, marble, and ultramafic rock (Cater, 1982;
Miller et al., 1993; Brown et al., 1994). The Little Jack unit (Tabor et al., 1989), referred to
as the Elijah Ridge schist and Jack Mountain phyllite by Misch (1966), consists mostly of
phyllite, schist, and hornfels in the northern part of the fault zone. Southward along strike
from the Little Jack unit is the Easy Pass unit. It contains metaconglomerate and
metasandstone and has been compared to the Cretaceous Virginian Ridge Formation of the
Methow basin (Miller et al., 1994). Farther southeast is the South Creek metaconglomerate,
which has also been correlated with the Virginian Ridge Formation (Dragovich et al., 1997).
This study attempts to clarify the relationships between the metasedimentary units within
the Ross Lake fault zone and rocks of the Methow basin and the Cascades core. An important
goal is to determine if Methow rocks, which were in a backarc position in the midCretaceous, were incorporated into deeper levels of the arc. Such burial would support
incorporation by underthrusting of the backarc. To achieve this goal, field work covered
multiple areas extending discontinuously along the strike of the Ross Lake fault zone for ~55
km between Ross Lake to the northwest and Foggy Dew Creek to the southeast (Fig. 4).
Field work was complemented by determination of detrital zircon ages in some of the
metasedimentary units.
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GEOLOGICAL BACKGROUND
Tectonic Context
The North Cascades contains three major structural domains (Fig. 4), which are, from
west to east: Northwest Cascades thrust system and eastern and western mélange belts;
Cascades core; and Methow basin (Misch, 1966; Tabor et al., 1989). The Northwest
Cascades system and the mélange belts contain Paleozoic and Mesozoic oceanic and arc
rocks and are separated from the Cascades core by the Eocene Straight Creek fault (Misch,
1966; Brown, 1987). The western mélange belt (Tabor et al., 1989) is probably a Cretaceous

Figure 4. Map showing the major domains in the North
Cascades. Modified from Haugerud and Tabor (2009).
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accretionary complex (Sauer et al., 2017a). The Cascades core includes the southernmost part
of the Coast Plutonic Mountains batholith and consists of probable Carboniferous to
Cretaceous tectonostratigraphic terranes, which were metamorphosed to amphibolite facies
and intruded by 96-45 Ma plutonic rocks (e.g., Misch, 1966; Tabor et al., 1989; Miller et al.,
1994). The Ross Lake fault zone is the boundary between the Cascades core and Methow
basin. The Methow basin is composed of Jurassic to Upper Cretaceous clastic and lesser
volcanic rocks (Coates, 1974; Barksdale, 1975). Rocks of the Methow basin are offset from
the Tyaughton basin, which extends northwestward for hundreds of kilometers (Fig. 5) (e.g.,
McGroder, 1989).

Figure 5. Geologic map of SW Canada and NW U.S. Cordillera. EF=Entiat
fault; F-SCF-Fraser-Straight Creek fault system; HF-Hozameen fault; PFPasayten fault; RLF-Ross Lake fault. Modified from Surpless et al. (2003).
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The Cascades core is sub-divided into two tectonic blocks by the post-metamorphic,
high-angle Entiat fault: the Wenatchee block to the southwest and the Chelan block to the
northeast (Fig. 4). In the Chelan block, the Skagit Gneiss Complex and Napeequa Schist,
which is correlatively and locally called the Twisp Valley Schist, are deformed by the Ross
Lake fault zone (Fig. 3 and Fig. 4). The Skagit Gneiss Complex is dominantly upperamphibolite-facies, tonalitic orthogneiss with smaller amounts of biotite paragneiss,
amphibolite, metaperidotite, and marble (Misch, 1966, 1968; Haugerud et al., 1991; Whitney,
1992; Miller et al., 2016). Parts of the northern portion of the complex are migmatitic
(Misch, 1968; Haugerud et al., 1991; Whitney, 1992). Metamorphism occurred in the Late
Cretaceous to Paleogene, and the Skagit Gneiss Complex was rapidly exhumed at ~47-45 Ma
(Wernicke and Getty, 1997; Gordon et al., 2010b). The Napeequa Schist is dominantly an
amphibolite-facies, oceanic accretionary complex consisting of amphibolite, quartzite,
siliceous schist, and minor metaperidotite and marble (Tabor et al., 1989; Brown et al., 1994;
Miller et al., 2004). Dating of detrital zircons from metasedimentary rocks in the
northwestern part of the Cascades core indicates a Triassic maximum deposition age (MDA)
for some of the protolith of the Napeequa Schist (Sauer et al., 2017a).
The Methow basin lies between the Ross Lake fault zone and the Pasayten fault (Fig. 1)
(Coates, 1974; Barksdale, 1975). Faunal and paleomagnetic data from the basin indicate that
the basin and rocks to the west may have been translated dextrally for large (~2500-3000 km)
distances between 90-50 Ma (Beck, 1976; Irving et al., 1985; Umhoefer, 1987). During the
Cretaceous (~100-90 Ma), the Methow basin was probably translated sinistrally from a
forearc to a backarc position (Monger et al., 1994) and then deformed in the mid-Cretaceous,
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East Cascades foldbelt (McGroder, 1989). The Virginian Ridge, Winthrop, and Midnight
Peak Formations of the Methow basin are cut by the Late Cretaceous to Paleogene Ross Lake
fault zone. The Albian (late Early Cretaceous) Virginian Ridge Formation consists mostly of
black mudstone, siltstone, chert-lithic sandstone, and chert-pebble conglomerate, and
paleocurrent data indicate that the sediments were derived from the west and deposited in a
braided stream setting (Tennyson, 1974; Barksdale, 1975). The Winthrop Formation consists
of easterly derived, cross-bedded arkosic sandstone with abundant woody debris and minor
shale and coal. It was deposited in the middle-late Albian in a shallow marine to fluvial
setting (Barksdale, 1975; McGroder, 1989). The Midnight Peak Formation consists of
pyroxene andesite breccias and flows, red mudstone, sandstone, and heterolithic
conglomerates containing debris from the underlying units (Barksdale, 1975). This formation
represents volcanic material deposited on a river flood-plain (Barkdale, 1975).
Ross Lake Fault Zone
The Ross Lake fault system consists of the Gabriel tectonic belt, Foggy Dew fault zone,
North Creek fault, Ross Lake fault, and Hozameen fault (Misch, 1966; Miller and Bowring,
1990; Miller, 1994) (Fig. 3). In the Gabriel Peak tectonic belt in the southwest part of the
RLFZ, the system records dextral shear with variable components of reverse slip from ~65 to
57 Ma (Miller and Bowring, 1990). Dextral-normal shear is reported in the Foggy Dew fault
zone from ~57 to 48 Ma (Miller and Bowring, 1990). The Ross Lake fault, North Creek fault,
and Hozameen fault record dextral shear (Miller and Bowring, 1990). The Ross Lake fault is
intruded by the ~48 Ma Golden Horn batholith and ~48 Ma Ruby Creek plutonic belt
(RCPB), and the Hozameen fault is intruded by the Golden Horn batholith (Fig. 3) (Misch,
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1966; McGroder, 1989). Metamorphic pressures and temperatures vary along and across the
strike of the fault zone, as do metasedimentary and metavolcanic units. The following
sections summarize previous descriptions of the metasupracrustal units in the Ross Lake fault
zone.
Metamorphosed Supracrustal Rocks
In the northern part of the Ross Lake fault study area, the Golden Horn batholith and the
Ruby Creek plutonic belt cut out and separate the Little Jack unit from the Skagit Gneiss
Complex (Misch, 1966) (Fig. 3). The Little Jack unit is mostly phyllite and biotite schist and
contains other fine-to-coarse-grained metaclastic rocks, local ribbon chert, serpentinite,
metapyroxenite, metaperidotite, marble, and marl (Misch, 1966; Tabor et al., 1989). The
Little Jack unit decreases in grade from amphibolite facies in the west next to the Cascade
core to sub-greenschist facies in the east, where it has been mapped as in depositional contact
with the unmetamorphosed rocks of the Methow basin (Misch, 1966; Haugerud and Tabor,
2009). Others have considered the contact to be the continuation of the Hozameen fault
(McGroder, 1991; Miller et al., 1994). Metamorphism of the Little Jack rocks likely occurred
from the Cretaceous to Eocene (Tabor et al., 2003). The original relationships between the
Little Jack unit and neighboring units are poorly understood. The Little Jack unit was thought
to be a deeply buried equivalent of the Methow strata by Misch (1966), Tabor et al. (1989),
and McGroder (1991). McGroder (1989) inferred that the Little Jack unit is correlated with
the Ladner Group, the deepest sedimentary rocks of the Methow basin. Gordon et al. (2017),
however, report an MDA age of 200 Ma for the Little Jack unit, whereas the Ladner Group
yielded an MDA of 165 ± 4 Ma (Sauer et al., 2017b).

10

South of the Little Jack unit, the Easy Pass unit is in contact with the Skagit Gneiss
Complex of the Cascades core to the west (Fig. 3). It is intruded by the Black Peak intrusive
complex (~92-87 Ma) (Shea et al., 2016) on the south and southwest and by the ~48 Ma
Golden Horn batholith on the east. The Easy Pass unit, which extends from Elijah Ridge to
the Easy Pass area, consists of metamorphosed quartzose-chert conglomerate, quartzose
sandstone, pelite, heterolithic conglomerate, hornblende porphyry, and gabbro/diorite (Miller
et al., 1994. Tabor and Haugerud, 2009). The metaconglomerate in the unit bears clasts of
felsic and intermediate volcanic rocks, quartzite, hornblende porphyry, and minor metapelite
(Miller et al., 1994). The conglomerates and sandstones have been likened to the Early
Cretaceous Virginian Ridge Formation of the Pasayten Group (Miller et al., 1994; Haugerud
and Tabor, 2009). Alternatively, the volcanic clasts within the metaconglomerate have been
correlated to the younger Late Cretaceous Midnight Peak Formation (Misch, 1966; Miller et
al., 1994). Haugerud and Tabor (2009) grouped both the Easy Pass unit and the Little Jack
unit as the middle Eocene to Late Cretaceous, metamorphosed rocks of the Methow Ocean.
To the southeast in the Twisp River Valley, the Twisp Valley Schist (TVS), the local
name for the Napeequa Schist, lies west of the mapped rocks of the Methow basin (Fig. 3).
The TVS is impure quartzite, amphibolite, chlorite schist, marble, phyllite, and siliceous
mica schist with minor metaperidote (Adams, 1961; Barksdale, 1975; Miller et al., 1993).
The metamorphism ranges from amphibolite facies in the west next to the Black Peak
intrusive complex to greenschist facies in the east next to rocks of the Methow basin (Adams,
1961; Miller et al., 1993). The TVS has been correlated to the Napeequa Schist (Miller et al.,
1993), which is at least in part Triassic (Sauer et al., 2017a).
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Structurally overlying the Twisp Valley Schist to the northeast is the South Creek
metaconglomerate (Dragovich et al., 1997) (Fig. 3). The metaconglomerate is thickly bedded
and poorly sorted and contains distinctive subangular to angular clasts of pebble- to bouldersized quartzite, and less common greenschist and metamorphosed intermediate volcanic
rocks set in a matrix of mostly sand-sized clasts of plagioclase and polycrystalline quartz
(Dragovich et al., 1997). The metaconglomerate is interbedded with subarkosic, medium- to
fine-grained sandstones and has west-to-east paleocurrent indicators (Dragovich et al., 1997).
Dragovich et al. (1997) concluded on the basis of point counting that the South Creek
metaconglomerate is compositionally equivalent to the mid-Cretaceous Virginian Ridge
Formation.
To the east of the South Creek metaconglomerate is greenschist-facies metasandstone
correlated with the Winthrop Formation of the Methow basin (Dragovich et al., 1997) (Fig.
3), which in turn is separated from the unmetamorphosed Cretaceous rocks of the basin by
the North Creek fault (Miller et al., 1994; Dragovich et al., 1997). The correlated
metamorphosed Winthrop Formation in the Twisp River Valley is a meta-arkosic sandstone
with minor feldspathic metawacke, metasiltstone, and metashale (Dragovich et al., 1997). In
general, the sandstones are medium-grained, subangular to subrounded, and moderately
sorted. The arkosic sandstones commonly display ripple crossbedding (Dragovich et al.,
1997). Dragovich et al. (1997) also observed a west-to-east paleocurrent within the metaWinthrop Formation in the Twisp River Valley and suggested that it and the South Creek
metaconglomerate probably interfinger and are analogous to the relations between the
Winthrop Formation and Virginian Ridge Formation.
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The southernmost rocks examined in this study are metamorphic units in the Foggy Dew
fault zone (Fig. 3). Miller and Bowring (1990) and Miller et al. (1993) note that the Foggy
Dew fault zone contains mylonitic tonalitic orthogneiss, amphibolite, greenschist, biotite
schist and metaclastic mylonites of uncertainty affinity. Protoliths include tonalite, basalt,
gabbro, mudstone, and sandstone (Miller et al., 1994). The protolith of the Foggy Dew
metaclastic mylonite could be part of the neighboring Late Jurassic Newby Group
(Barksdale, 1975) or the Virginian Ridge Formation (Miller and Bowring, 1990). The Oval
Peak batholith and Skagit orthogneiss are thought to be the protoliths of the mylonitic
orthogneiss (Miller and Bowring, 1990; Miller et al., 2016).
OBJECTIVES AND METHODS
To study the metasupracrustal rocks in the Ross Lake fault zone, I concentrated on three
domains: a northern domain focused on the Little Jack unit and Easy Pass unit on McKay
Ridge, along Canyon and Ruby Creeks, and Easy Pass; a central domain focused on the
South Creek metaconglomerate, metamorphosed Winthrop Formation, Twisp Valley Schist,
and a metamorphosed volcanic unit in the upper Twisp River Valley; and a southern domain
focused on the mylonitic rocks between Spirit Mountain and Buttermilk Butte, and along
Raven Ridge of the Foggy Dew fault zone (Fig. 3).
In all domains, I mapped the metaclastic units and contact relationships in parts of an area
extending 55 km by 20 km, made structural and lithological observations, and collected
samples. Fifty-six thin sections were analyzed to understand mineral modes, protoliths, and
microstructures of the units. Several units in the study areas contain clastic rocks suitable for
dating of detrital zircons. I processed and dated detrital zircons using the U-Pb method and
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compared the results to published ages of detrital zircons from units of the Methow basin,
paragneiss of the Skagit Gneiss Complex, the Napeequa Schist in the northwest part of the
Cascade core, and other rocks within the Ross Lake fault zone (Surpless et al., 2014; Sauer et
al., 2017b; Gordon et al., 2017). More in-depth description of the methodology and
techniques used on the detrital zircon grains is found in the geochronology section. Scott
Patterson from the University of Southern California provided additional unpublished detrital
zircon data.
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STRATIGRAPHIC AND METAMORPHIC UNITS
Northern Domain
Little Jack unit
The Little Jack unit of Tabor et al. (1989), which was previously called the Jack
Mountain phyllite and Elijah Ridge schist by Misch (1966), consists of amphibolite-to-

Figure 6. Geologic and structural map of the Little Jack unit. Zircon sample
locations from Sauer and this study are displayed. Modified from Haugerud and
Tabor (2009).
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greenschist-facies schists in the west next to the Ruby Creek plutonic belt (RBPB) to subgreenschist-facies mostly metapelites in the east near the Methow basin contact (Fig. 6). The
Little Jack unit was studied along two transects: Ruby Creek-Canyon Creek (6 km in length)
and McKay Ridge (2 km in length).
Ruby Creek-Canyon Creek Transect. In the westernmost 1.5 km of the Ruby CreekCanyon Creek transect in the Little Jack unit, the metaclastic rocks have clay-sized-to-sandsized ratios higher than 9:1. The rocks are biotite hornfels with unidentifiable porphyroblasts,
biotite schists, and minor calc-silicate rocks with relict porphyroblasts related to contact
metamorphism by the Ruby Creek intrusions. Due to mineral chemistries of micas and
cordierite and the round shadow extinction pattern, the relict porphyroblast could have been
cordierite now altered into biotite and other micas. The pelites and calc-silicate rocks have
well-defined ~1-3 mm compositional layers of coarser quartz-rich layers and finer layers of
biotite, muscovite, and plagioclase (Fig. 7). Up to 2 km from the western contact, the rocks
contain hornfelsic and schistose fabrics. The biotite schist becomes more siliceous toward the
east. Leucocratic dikes, probably belonging to the Ruby Creek belt (Misch, 1966), intrude
foliation at low angles. east. Leucocratic dikes, probably belonging to the Ruby Creek belt
(Misch, 1966), intrude foliation at low angles.
Near the western contact with the Ruby Creek plutonic belt, most of the Little Jack rocks
in thin section are quartz-rich, fine-to-medium sandstone interbedded with layers of mica and
plagioclase (Fig. 8). Clasts in the sand layers are angular to subangular and poorly sorted,
whereas clasts of the silt layers are rounded to subrounded and moderately sorted. Primary
foliation at low angles. east. Leucocratic dikes, probably belonging to the Ruby Creek belt
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Figure 7. Little Jack unit metapelite with compositional layering.
(Misch, 1966), intrude foliation at low angles. Primary minerals of quartz, plagioclase, and
opaques survived in the rocks. Metamorphic assemblages include chlorite, calcite, and
muscovite. The calc-silicate rocks consist of 2-3-mm-thick layers of fine sand-sized
actinolite, diopside, and quartz, and of 10-mm-thick layers of silt-sized epidote, chlorite,
actinolite, and plagioclase. The calc-silicate metamorphic assemblage includes actinolite,
diopside, epidote, clinozoisite, and chlorite. Primary mineral clasts are quartz, calcite, and
plagioclase. Opaques, possibly sulfides, make up <1% of the rock and are commonly
surrounded by chlorite. Both rock types show graded bedding. The overall fine grain size of
the clastic rocks and the graded bedding are compatible with a distal marine environment.
Between 2 and 3.5 kilometers east of the western contact along the Ruby Creek-Canyon
Creek transect, the Little Jack unit are all pelitic with varying fabric (Fig. 9). The majority of
rocks in this area east are phyllites and hornfelsic schists with relict porphyroblasts. In
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Figure 8. Micaceous fine-grained sandstone of the Little Jack unit. Location of sample
was near the contact with Ruby Creek plutonic belt. In the center and extending toward
the bottom of the thin section are layers of muscovite and chlorite grains and layers of
silt-sized grains of plagioclase. The upper part of the thin section is dominated by a fineto-medium sand layer of quartz and plagioclase. Thin section under 10x magnification.
outcrop, the phyllites show <1 mm compositional layering of lighter, coarser grains and of
darker finer grains with sulfides. The hornfels show no layering with hackly fabric. The slaty
cleavage and hornfelsic cleavage, in contrast to the schistose rocks farther to the west, is field
evidence that the foliation is weakening. Uniform pelitic rocks with sulfides, may reflect the
anoxic conditions of a distal turbidite environment.
In the same area along the Ruby Creek-Canyon Creek transect, thin sections from the
rocks show greenschist-facies metamorphism. The phyllite contains metamorphic
assemblages of quartz, plagioclase, chlorite, biotite, muscovite, graphite, clinozoisite, and
opaques. The hornfels contain >60% biotite and biotite pseudomorphs, probably alter garnet.
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Figure 9. Little Jack unit hornfelsic schist with person as scale.
One phyllite consists of alternating layers of poorly sorted, sand-sized plagioclase and quartz
grains and layers of poorly sorted and silt-sized, but lesser quartz and plagioclase, and
abundant organics. Another phyllite consists of alternating layers of poorly sorted, mediumsand-sized, angular grains of plagioclase and quartz with muscovite and biotite, which
alternate with layers of moderately sorted, silt-sized, rounded grains of plagioclase and
quartz. Phyllites, which lack compositional layering, contain moderately sorted, silt-sized
grains of quartz and plagioclase in a matrix of muscovite and biotite. The hornfels have the
metamorphic assemblage of biotite, chlorite, and relict porphyroblasts, which have altered
into biotite. These relict porphyroblasts are rounded to slightly elongated. Some contain
square or rounded darker centers and were probably andalusite.
From 3.5 km east of the RCPB to the contact with the Methow basin along the transect,
the outcrops transition from greenschist-facies metapelites to weakly metamorphosed, sub-
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greenschist clastic rocks. In the meta-pelites, slaty cleavage is defined by fine grains of
biotite and muscovite and minor elongate quartz. The slate also contains sulfide minerals,
which commonly occur in <2-mm-thick layers of silt-to-fine-sand-sized plagioclase and
quartz, and >7-mm-thick layers of mica and organics. These layers are interbedded with
layers of silt-sized plagioclase and quartz in a matrix of graphite. Both types of layers are
poorly sorted. In the eastern part of the transect, quartz shows minor elongation, whereas the
plagioclase does not. Other than the minor elongation of quartz, the pelite shows weak
foliation. The metamorphic assemblage includes quartz, graphite, chlorite, and clinozoisite.
Hozameen Fault along Ruby Creek-Canyon Creek Transect. Continuing eastward along
the Ruby Creek-Canyon Creek transect, the contact between the Little Jack unit and Methow
strata was studied by looking at the lithology and structure trends on either side of the
contact. At the previously mapped contact, McGroder (1989) and Haugerud and Tabor
(2009) documented a 3-4-m wide body of serpentinite between the Little Jack unit and the
Methow rocks. The serpentinite has a strong anastomosing foliation inferred to result from
the motion on the Hozameen fault (McGroder, 1989; Miller et al., 1994). It is composed of
serpentine, talc, tremolite, and chlorite. Further description is presented in the structure
section.
Approximately 300 m west of the contact, the Little Jack Unit is weakly metamorphosed,
massive mudstone with conchoidal fractures. East of the serpentinite are interbedded
mudstone and sandstone with a mud-to-sand ratio of 3:2. The sandstones are medium-fine
grained, poorly sorted litharenites and are up to a meter thick. This is an abrupt shift in the
abundance of sand and bedded sandstone compared to the rocks west of the serpentinite. The
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sheared serpentinite and change in abundance of sand on either side of the serpentinite is
interpreted to indicate a fault contact. Therefore, the serpentinite is inferred to demarcate the
location of the Hozameen fault, as interpreted by McGroder et al. (1989) and Miller et al.
(1994).
Thin section observations confirm the field observations. West of the serpentinite, lowgrade metamorphosed siltstone consists of finer layers of quartz, graphite, and muscovite
alternating with coarser layers of quartz and plagioclase with minor amounts of muscovite
and graphite. The primary minerals are quartz, plagioclase, oxides, and organic material.
Secondary minerals include muscovite and <1% each of epidote and chlorite. East of the
serpentinite, the primary minerals in the sandstone are quartz and feldspars. The
metamorphic assemblage consists of prehnite, sericite, and epidote.
McKay Ridge Transect. Along the 2 km transect of McKay Ridge, the Little Jack unit,
intruded by granitic bodies related to the Eocene Golden Horn batholith, is slate, phyllite, and
minor meta-sandstone to the west of the Hozameen fault and low-grade metamorphosed
sandstones interbedded with mudstone to the east of the fault. West of the fault, the mud-tosand ratio is 4:1. The metasandstone west of the fault is a massive, fine-sand-sized, wellrounded, well-sorted sub-litharenite with thin (<1 mm) compositional layering. Some slate
contains <2 mm-thick, coarser grey layers. Higher-grade phyllites contain relict,
unidentifiable porphyroblasts that are replaced by micas, are <1 mm in diameter, and occur
within ~500 m of the Hozameen fault. These porphyroblasts may have formed by contact
metamorphism by the Golden Horn batholith. Within 100 m east of where the fault was
previously mapped (McGroder, 1989), the mud-to-sand ratio changes from 3:2 to 1:2. At this
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location, the rock type continues to the east as low-grade metamorphosed lithic arkose
interbedded with siltstone.
In thin sections of the Little Jack unit, slates contain primary quartz and plagioclase, and
metamorphic chlorite, muscovite, biotite, and graphite. One slate contains alternating
graphite-rich and quartz and plagioclase-poor layers and plagioclase, quartz, muscovite, and
chlorite-rich layers. Another slate has <1mm-thick-layers of sericite and quartz. Both thin
sections contain relict porphyroblasts that have been retrograded to biotite. In view of the
contact metamorphism and the chemical composition of biotite, the porphyroblasts may have
been cordierite. The quartz in the slates are elongated. In the western part of the transect, the
metasandstone contains subtle layering of fine sand-sized quartz, plagioclase, and epidote
alternating with layers of silt-sized quartz. The metasandstone is a well-rounded
sublitharenite and shows no foliation.
Hozameen Fault along McKay Ridge Transect. At the mapped Hozameen fault
(McGroder, 1989), the rock type changes abruptly from pelites interbedded with fine sand
layers to sandstone interbedded with siltstone. Within a zone extending ~100 m west of the
Hozameen fault (Fig. 6), the Little Jack unit has a mud-to-sand ratio of 9:1. In this area, the
Little Jack unit is massive. From the fault eastward for ~100 m, the rocks have a mud-to-sand
ratio of 2:3. The sandstones are normally graded, sub-angular to sub-rounded, poorly sorted
lithic arkoses. They consist of medium-to-coarse sand-sized to silt-sized grains of quartz and
plagioclase and are interlayered with siltstone (Fig. 10). Sharp erosional surfaces occur at the
contacts between the siltstone and sandstone layers. Overall, the sandstones east of the
Hozameen fault break in a hackly fabric in contrast to the slaty cleavage west of the fault on
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Base

Figure 10. McKay Ridge unmetamorphosed interbedded sandstone and
siltstone. Location is east of the fault. From left to right, there is a
siltstone, followed by a medium-to-coarse grained lithic arkose base
layer (12-14 cm-wide) with normal grading from base. The arkose
grades into the second layer of siltstone on the right.
McKay Ridge. In thin section, the lithic arkose east of the fault reveals low-grade
metamorphism marked by muscovite, biotite, and chlorite. At the easternmost location in the
transect, 300 m east of the Hozameen fault, the rock is a coarse-grained lithic arkose. This
lithic arkose is angular to subrounded, poorly sorted and normally graded, from coarse sand
grains to silt grains, similar to the rocks closer to the fault. The rock is >90% primary
plagioclase and quartz, and <2% biotite and chlorite.
Easy Pass Unit
The Easy Pass unit lays approximately 13 km south-southwest of McKay Ridge (Fig. 3).
The unit straddles Ragged Ridge in the area of Easy Pass and the next glacial cirque to the
south of the pass. The unit is in contact with the 92-87 Ma Black Peak intrusive complex on
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the west and the ˜48 Ma Golden Horn batholith on the east (Fig. 11), and has a structural
thickness of ˜1 km. In Easy Pass, the unit is displaced by the east-west-striking, sinistral Easy
Pass fault.

Figure 11. Geologic and structural map of the Easy Pass unit. Location of
detrital zircon sample is noted. UTM Zone 10. Modified from Haugerud and
Tabor (2009).
The Easy Pass unit contains metasandstone, phyllite, metaconglomerate, muscovite
schist, and calc-silicate rock. These metasedimentary rocks were intruded intermittently by
variably oriented tonalite offshoots from the Black Peak intrusive complex and granodiorites
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from the Golden Horn batholith. The unit north of the Easy Pass fault is interbedded pebble
metaconglomerates and metasandstones (Fig. 12). The metaconglomerate is clast supported,
and clasts are well-rounded, poorly to moderately sorted and elongated, defining foliation.
The pebbles are medium-grained quartzites and fine-grained mafic rocks. Quartzite pebble
metaconglomerate makes up >90% of Easy Pass unit in places. The matrix consists of Feoxides, chlorite, feldspar, and muscovite. The mafic pebbles are composed of plagioclase,
chlorite, oxides, and epidote. Weak foliation in the metaconglomerate is defined at the thinsection scale by elongated grains of quartz and acicular micas.

Figure 12. Easy Pass pebble metaconglomerate. Outcrop of rock is
clast-supported and poorly sorted. The mafic and quartzite clasts are
elongate sub-vertically, which defines foliation. Rock hammer is on
right for scale.
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The metaconglomerate grades into metasandstone. The metasandstone is a fine-to-coarse,
moderately sorted litharenite with subangular to subrounded clasts. It lacks bedding. The
metasandstone consists mainly of quartz and plagioclase. Lithic fragments comprise
approximately 15% of the rock. The lithic fragments in these clasts are fine to mediumgrained and are subrounded. Metamorphic minerals are muscovite, chlorite, epidote, and
biotite. Within some of the larger clasts, grains are partially replaced by chlorite and epidote,
which is compatible with an intermediate to mafic source.
South of the Easy Pass fault, phyllite in the pass has porphyroblasts of garnet and the
muscovite schist contains coarser, quartz-rich layers and finer, mica-rich layers. In thin
section this rock has muscovite-rich and quartzofeldspathic layers. Both layers contain
primary plagioclase and recrystallized quartz. Metamorphic minerals are actinolite, quartz,
chlorite, biotite, and muscovite. Primary minerals are subhedral to euhedral.
In the next glacial cirque south of Easy Pass along Ragged Ridge, the Easy Pass unit is
metasandstone and pelitic hornfels. Both rock types lack foliation. In thin section the hornfels
contains >80% metamorphic biotite and muscovite and 2-3% quartz.
Central Domain
The central domain consists of numerous northwest-striking units in the upper Twisp
River Valley (Fig. 3). The Twisp Valley Schist is the lowest unit structurally and traversing
from southwest to the northeast it varies from quartzite to metaclastic rocks, and in the south
it consists of metavolcanic rock (Fig. 13). In the northern part of the domain, the South Creek
metaconglomerate overlies the Twisp Valley Schist, and farther to the northeast,
metamorphosed Winthrop Formation structurally overlies the South Creek
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metaconglomerate. Metamorphic grade is generally in the greenschist facies in this domain.
In the southeast, south of the cross-section E-E’, the andalusite is partly replaced by kyanite
(Miller et al., 1993). This andalusite is interpreted to have formed by contact metamorphism
and the kyanite by subsequent loading (Miller et al, 1993).

Figure 13. Geologic and structural map of the central domain, Twisp River Valley. Detrital
zircon sample locations are indicated with points and sample names. UTM Zone 10. Modified
from Miller et al. (1993) and Dragovich et al. (1997) with my field observations.
Quartzite of the Twisp Valley Schist
The structurally lowest unit in the Twisp Valley Schist consists of white to light green,
micaceous folded quartzite, called meta-chert by Miller et al. (1993). In the northern part of
the central domain, the unit is overlaid by South Creek metaconglomerate, whereas to the
south the micaceous quartzite is overlaid by phyllite. In thin section the quartzite consists of
>90% quartz and minor biotite, muscovite, and clinozoisite. These minerals record
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greenschist-facies metamorphism. Thin (<1 mm) compositional layering is defined by layers
containing biotite and those without.
Metaclastic rocks of the Twisp Valley Schist
The metaclastic rocks of the Twisp Valley Schist (Twisp Valley Schist phyllite in Fig.
13 include siliceous schist, phyllite, and slate. The unit has a minimum structural thickness of
450 m, trends northwest, pinches out to the northwest and continues to the southeast. It
structurally overlies the quartzite unit, underlies a meta-volcanic unit, and is intruded by the
~65 Ma Oval Peak batholith (Fig. 13). The foliation intensity and dip increase toward the
Foggy Dew fault zone. West of the concealed Foggy Dew fault along the E-E’ transect, a
recent debris flow uncovered fresh exposures of the siliceous schist between the Oval Peak
batholith and the meta-volcanic unit. In these exposures, the unit transitions from a wellfoliated phyllite with sills from the Oval Peak batholith to a schist that has well-defined
sedimentary structures typical of a turbidity deposit close to the meta-volcanic rocks.
Next to the Oval Peak batholith, the unit is a well-foliated phyllite with <1-mm-thick
planar laminations of metamorphosed black siltstone alternating with fine-grained sandstone.
These rocks are intruded by tonalitic sills ranging in thickness from ~1 cm to 40 cm, and
averaging ~9 cm. The mud-to-sand ratio is approximately 4:1. These rocks, including the
sills, are openly to tightly folded.
Near the contact with the meta-volcanic rocks, where Oval Peak sills are absent, the
metaclastic rock is a muscovite quartz phyllite that shows layering similar to the Bouma
Sequence of turbidite deposits (Fig. 14). Structurally below the well-defined Bouma
Sequence, the mudstone and sandstone layers have a mud to sand ratio that is approximately
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Figure 14. Metaclastic rock of the Twisp Valley Schist (TVS). The
outcrop displays what are interpreted as elongate lenses of relict rip-up
clasts of a Bouma Sequence. From the top toward the bottom of the
image, the rock grades from fine-sand-grained (layer A), lighter in color,
up-section into silt-sized grained layer, darker in color, with relict
convolute laminae structures.
4:1. In the inferred ~25-cm-thick layer A, the Bouma Sequence is moderately sorted
sandstone, which grades from medium-to-fine grained. It contains thin lenses of mudstone,
which may be rip-up clasts. Above layer A, an ~8-cm-thick layer B is siltstone, which grades
into fine-grained sandstone of layer C. Convolute laminae structures and small, soft-sediment
folds of fine sandstone and siltstone are in layer C. Above layer C, layer D contains fine
laminae of darker claystone and is 15-cm-thick. Normal grading is present in all the layers.
In a thin section from layer A, primary minerals are plagioclase and well-recrystallized
quartz. Minerals include chlorite, biotite, muscovite, quartz, actinolite, clinozoisite, and
calcite. The rock is poorly sorted, consisting of silt-sized to coarse sand-sized grains. Faint
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normal grading is present and subtle compositional layering is defined by <1-mm-thick,
biotite-rich layers. Primary plagioclase grains comprise 15% of the rock and are subrounded.
The matrix includes fine sand-sized, recrystallized quartz, biotite, muscovite, actinolite,
clinozoisite, and calcite. The thin lenses of possible rip-up clasts consist of silt-sized quartz,
muscovite, and calcite. Foliation is well defined by micas and elongate quartz.
Metavolcanic Unit
This unit is bounded to the southwest by the metaclastic rocks of the Twisp Valley Schist
and to the northeast by the Foggy Dew fault zone. The unit has a structural thickness of 1 km
and outcrops only in the southern part of the central domain (Fig. 13). The metavolcanic
rocks near the contact with the metaclastic rocks are mylonitic and metamorphosed to
greenschist facies, as reflected by the green color. This is the structurally lowest part of the

Figure 15. Outcrop of andesitic tuff of the metavolcanic unit of
the TVS. The felsic rock fragment below the pencil is elongate
within the groundmass of chlorite.
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unit. It has a fragmental texture and is interpreted to be metamorphosed andesitic tuff. The
fragments consist of small subhedral to anhedral, relict elongate plagioclase phenocrysts in a
green chlorite-rich groundmass (Fig. 15). The phenocrysts make up ~5% of the rock. In thin
section, the mylonitic andesitic tuff contains elongate quartz. Plagioclase phenocrysts
average 1.5 mm-in-length and average 0.5 mm-in-width. The plagioclase is fractured, and
many grains have been altered to epidote and sericite. Greenschist-facies assemblages
include muscovite, sericite, biotite, chlorite, calcite, clinozoisite, and epidote. Layers of
epidote, clinozoisite, and chlorite alternate with layers of quartz and lesser amounts of
chlorite. Chlorite comprises 40% of the andesitic tuff.
In the structurally highest metavolcanic rocks near the Foggy Dew fault, the unit contains
more phenocrysts and rock fragments (25%), less groundmass (75%), and lesser amount of
chlorite than the base of the unit. Rocks have a porphyritic texture with fragments that
average 0.27 mm-in-diameter and are elongate. In thin sections, the porphyritic rocks contain
the same greenschist-facies assemblage as the stratigraphically lower rocks. In contrast with
the andesitic tuff to the southwest, the plagioclase clasts retain more of their original habits.
The very coarse sand-sized clasts are angular to subangular. The groundmass consists of the
calcite, micas, and quartz.
South Creek metaconglomerate
This unit consists of green pebble and cobble meta-conglomerate that is interbedded with
<1-m-thick sandstones beds. The ratio of conglomerate to sandstone in the unit is
approximately 9:1. The unit trends northwest-southeast and has an approximate structural
thickness of 150 m (Fig.13). The subangular-to-subrounded clasts are mostly folded
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Figure 16. South Creek metaconglomerate. The outcrop of the unit
contains many clast-supported pebbles of folded quartzite as seen in this
figure.
micaceous quartzites, intermediate plutonic rocks, and schists. Many of the quartzite clasts
contain folds (Fig. 16) and have been interpreted to be derived from the Twisp Valley Schist
quartzite (Dragovich et al., 1997). The schist clasts may be derived from the metaclastic
rocks of the Twisp Valley Schist. The plutonic clasts are tonalitic and consist of plagioclase,
quartz, biotite, hornblende, and secondary chlorite and epidote. The matrix of the
conglomerate is subangular, poorly sorted, coarse to medium grain-sized sand. The unit is a
massive, clast-supported, cobble conglomerate at its base where it is in contact with the
Twisp Valley Schist quartzite. It fines up-section structurally to the northeast where it has
discontinuous, lenticular interbeds of coarse-to-medium grained sandstone. The
discontinuous sandstone beds display normal grading and range from ~20 to 70 cm in
thickness. The unit structurally up-section becomes matrix-supported and conglomerate
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clasts lessen in diameter to medium-to-fine pebble-size.
A thin section was made from a discontinuous bed of metasandstone in contact with the
metaconglomerate in the southern part of the unit. The metasandstone contains primary
plagioclase and polycrystalline quartz, and metamorphic biotite, muscovite, clinozoisite,
chlorite, and epidote. The metaconglomerate grades into beds of sandstone. In the sandstone
the grains are subangular to subrounded, poorly sorted, and range from coarse sand to coarse
silt. The clasts within the sandstone consist of muscovite-bearing quartzite, quartzite, opaque
minerals, and siltstone.
Metamorphosed Winthrop Formation
This metasandstone has been previously mapped as the Winthrop Formation of the
Methow basin (Fig. 13) (Dragovich et al., 1997). In the central part of the Twisp River valley
this unit is separated from the South Creek metaconglomerate to the southwest by alluvium.
It has a structural thickness of 900 m. In northern exposures in the Twisp River valley, the
unit is massive, poorly sorted, and consists of coarse angular-to-subangular grains. In
southern exposures, the unit is predominantly a metasandstone that is moderately to poorly
sorted and fine-to-medium grained; grains are subangular to subrounded. Here the unit also
contains discontinuous, lenticular siltstone layers and clast-supported, pebble conglomerate
beds. The conglomerate beds are < 1 m thick and are interbedded with sandstone. Pebbles in
the conglomerate are gneiss, micaceous quartzite, and plutonic rocks (Fig 17). The
conglomerate beds display normal grading and rare cross bedding. The conglomerate grades
into a poorly sorted, medium-sand to silt-sized sandstone.
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Figure 17. Outcrop of metaconglomerate layer within the Winthrop
Formation. The base layer is poorly sorted and non-foliated and
consists of angular-subangular grains.
In thin sections, the metamorphosed Winthrop Formation contains sedimentary features
and is overprinted by greenschist-facies recrystallization. The thin sections from two areas
confirm the lithologies as described in field observations. In the thin section from the
northern exposure, the rock is nonfoliated and contains recrystallized quartz, plagioclase with
partial metamorphic replacements, and sulfides and metamorphic biotite, muscovite, chlorite,
and epidote. In thin sections from southern exposures, rocks also consist of recrystallized
quartz, plagioclase, and oxides. Metamorphic minerals include biotite, muscovite, epidote,
chlorite, clinozoisite, graphite, and calcite. Thin sections of two metasiltstone samples from
the southern end of the metamorphosed Winthrop belt are foliated and compositionally
layered. In one sample layers rich in biotite alternate with layers rich in quartz; in the other
sample layers rich in graphite and poor in quartz and biotite alternate with layers rich in
quartz and biotite, but poor in graphite. The thin section of metaconglomerate contains clasts
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of quartzite with secondary calcite. Other thin-sections are well-foliated with aligned
muscovite. The intermediate plutonic clasts contain primary quartz and plagioclase.
Southern Domain
Metaclastic rocks in Foggy Dew fault zone
Metaclastic rocks in the Foggy Dew fault zone were studied along two east-west
transects: 1) in the north between Spirit Mountain and Buttermilk Butte (1.4 km-long); and 2)
in the south along the eastern extent of Raven Ridge (0.7 km-long) (Fig. 18). Metaclastic

Figure 18. Geologic and structural map of Foggy Dew fault zone. Detrital
zircon sample location is displayed. UTM Zone 10. Modified from Miller
and Bowring (1990) and Haugerud and Tabor (2003).

35

rocks of the fault zone are metamorphosed micaceous sandstones and biotite and muscovite
schists. The fault zone separates the ~65 Ma Oval Peak tonalitic batholith on the west and the
massive, green, non-foliated metabasite of the Newby Group on the east. The Late Jurassic
Newby Group is the oldest part of the southern Methow basin and consists of volcanic arc
and sedimentary rocks (Barksdale, 1979; Mahoney et al., 2002). Eastward from Spirit
Mountain toward Buttermilk Butte is the mylonitic tonalite of the Oval Peak batholith, which
alternates with schist (Fig. 19). From 50 to 700 m in the transect eastward from Spirit
Mountain is predominately schist. From 700 to 850 m, the unit is a muscovite schist. The
remaining 500 m is mylonitized schist, some of which is layered with 10-30-cm-wide layers
of muscovite schist.

Figure 19. Outcrop of Oval Peak tonalite and muscovite schist contact. The
contact is demarcated with arrow and is between the deformed tonalite (to
the right) and the muscovite schist (to the left). The contact of the Oval
Peak is defined by at 8-10 cm wide zone of mylonitization of the tonalite
against the muscovite schist.
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From west to east along the south side of the same ridge, the rocks are primarily
muscovite schist with minor outcrops of micaceous quartzite and greenschist. The muscovite
schist is less siliceous to the east. One muscovite schist displays probable relict normal
grading of medium-grained sand fining stratigraphically upward into coarse silt.
In the Raven Ridge transect, the Foggy Dew fault zone is ~700 m wide and the dominant
rock type is amphibolite. Miller and Browing (1990) note garnet-sillimanite schist in the
transect, which yield temperature of ~625ºC and pressure of ~5 kbars. At the western margin
of the fault zone, tonalite of the Oval Peak batholith is strongly mylonitized with plagioclase
porphyroclasts, and quartz, biotite, and hornblende in the matrix (Fig. 20). Within the first

Figure 20. Outcrop of porphyroclastic tonalitic orthogneiss. It is
deformed Oval Peak tonalite and is adjacent to mylonitic
amphibolite.
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100 m eastward from the Oval Peak batholith, the zone alternates between layers of
orthogneiss (meta-tonalite), biotite schist, micaceous metasandstone, and mylonitic
amphibolite; approximately 60% of the rock is biotite schist. The micaceous metasandstone
is metamorphosed lithic feldsarenite. Interlayered orthogneiss, biotite schist, and amphibolite
continue for another 200 m to the east. At the east end of the transect is mylonitized
amphibolite, which has more hornblende than plagioclase.
Thin sections of the metamorphosed micaceous sandstone, and muscovite and biotite
schists were examined. The meta-sandstone contains plagioclase, recrystallized quartz,
biotite, chlorite, and muscovite, and minor Fe oxides and epidote. The grains are fine-tocoarse sand sized and subhedral to anhedral. The schists contain muscovite, quartz,
plagioclase, biotite, chlorite, and epidote. Some of the schists contain alternating mica rich
layers and quartz-plagioclase rich layers.
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STRUCTURE
Northern Domain
Little Jack unit
The structural relationships of the Little Jack unit were studied in the two transects along
Ruby Creek-Canyon Creek and McKay Ridge, as described in a previous section. In the
westernmost 1.5 km of the Ruby Creek-Canyon Creek transect, foliation in biotite and
muscovite schist strikes dominantly east-southeast and dips toward the south-southwest (Fig.
21). Foliation ranges in strike from 091° to 300° and in dip from 19° to 90°. Foliation is
stronger than lineation. Some of the rocks are hornfelsic with altered porphyroblasts,
probably as a result of the heat from abundant leucocratic dikes of the Ruby Creek plutonic
belt (RCPB). Approximately 1 km east of the RCPB, foliation transitions to dominantly eastwest strike.

Figure 21. Poles and great circles from the
westernmost foliations of the Little Jack unit.
Average is 152°, 59° SW (n = 10).
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In thin sections of biotite and muscovite schists, foliation is defined by muscovite, biotite,
and chlorite wraps around plagioclase and quartz, which are commonly surrounded by
asymmetric tails of chlorite. Anhedral and polycrystalline recrystallized quartz grains are
inequigranular-interlobate and are interpreted to record grain boundary migration.
Recrystallized anhedral grains of plagioclase display undulatory extinction. Foliation in the
calc-silicate rocks is defined by fibrous actinolite, elongate polycrystalline quartz aggregates,
and acicular chlorite. Diopside and quartz are inequigranular and idioblastic with quartz
having experienced grain boundary migration recrystallization.
From 2-3.5 km east of the RCPB contact along the Ruby Creek-Canyon Creek transect,
rocks are lower-grade and have greenschist-to-subgreenschist-facies assemblages, as
described by Misch (1977). In this central segment along the transect, the intensity of
lineation relative to foliation varies. At 3 km from the western contact, the rocks have
stronger foliation. Foliation strikes east to northeast and dips to the south and southeast (Fig.
22), ranging from 043°-351° with dips 25°-70°. In this segment, foliation is defined by
biotite, minor muscovite and chlorite, and elongate quartz that experienced sub-grain rotation
recrystallization. In biotite schist, biotite and muscovite form tails around porphyroclasts of
plagioclase and quartz. In hornfelsic biotite schist, biotite pseudomorphs replace cordierite or
andalusite porphyroblasts and are elongate parallel to foliation. In thin section, graphite
laminations comprise >30% of the phyllite and define continuous foliation along with biotite
and elongate quartz. Quartz display bulging and subgrains. Biotite-rich layers in some of the
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phyllites show pinch and swell.

Figure 22. Poles and great circles from the central
foliations of the Little Jack unit. Average is 109°,
36° (n = 29).

From 3.5 km east of the RCPB to the Hozameen fault along the transect, the Little Jack
unit transitions from slate to weakly metamorphosed clastic rocks. In this easternmost
segment of the transect, foliation in the slate strikes southeast on average and dips to the
southwest (Fig. 23). Strikes range from 105°-139°, and dips range from 17°-83°. Within this
segment, the metamorphic fabric weakens and the rock breaks in a hackly fashion. Adjacent
to the west side of the fault, the dominant planar structure is bedding, which strikes 126° and
dips 37° southwest.
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Figure 23. Poles and great circles from eastern
foliations of the Little Jack unit. Average is 123°,
53° (n = 15).
In the western part of this segment, foliation is continuous, defined by graphite and
biotite, and discordant to bedding by 20-30°. Graphite also defines extensional crenulation
cleavage.
Miller et al. (1994) concluded that an outcrop of serpentinite along the transect marks the
Hozameen fault, which places the Little Jack unit against rocks of Methow basin. The
serpentinite outcrop is 3-4 m wide and contains an anastomosing foliation and Riedel shear
fractures. The serpentinite also displays slickensides. Foliation strikes 130° and dips 54° and
slickenside striae plunge 21° toward 128°. The shear fractures indicate dextral displacement.
Serpentine, chlorite, and tremolite define C’-type crenulation cleavage.
Approximately 100 m east of the Hozameen fault are sandstones with vertical brittle
fractures. In thin section, these sandstones show no foliation. Quartz has faint undulatory
extinction.
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The 2-km-long, west-east, McKay Ridge transect displays low-grade slates and
unmetamorphosed sandstone, and includes the Hozameen fault. Foliation in the transect
varies in strike from east to southeast and dips to the south-southwest (Fig. 24). Foliation
steepens toward the fault as does bedding on the east side of the Hozameen fault. Adjacent to
the fault on the west, foliation strikes 122° and dips 85°; and on the east, bedding strikes 311°
and dips 81°.

Figure 24. Poles and great circles of foliations in the
McKay Ridge transect. Average is 125°, 42° (n =
25).
In thin section, the continuous slaty cleavage is defined by acicular biotite, elongated
quartz, and graphite. Crenulation cleavage in phyllite is defined by graphite and elongated
quartz.
Easy Pass unit
The Easy Pass unit along Ragged Ridge (Fig. 4) consists of metapelites and coarse
metaclastic rocks with varying metamorphic grades and textures. Foliation and bedding
orientations (n=9) in the unit are displayed in Fig. 25. Foliation changes orientation across
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the sinistral Easy Pass fault, which strikes at 274° and dips 74° N. To the north of the fault,
foliation strikes north and dips to the east, whereas to the south of the fault, the two measured
foliations strike south and dip to the west (Fig. 25). The fault offsets the Black Peak intrusive
complex, Easy Pass unit, and Golden Horn batholith.

Figure 25. Poles and great circles of foliations of Easy
Pass. Reds are from north of the Easy Pass fault. Blues
are located south of the fault. The blacks represent the
southernmost extent of the unit bedding projections.
Consistent with field observations, thin sections of the metaconglomerate show that
foliation is defined by the pebble clasts or the quartz grains in the matrix. Elongate quartz
grains in the pebbles and matrix, and in metasandstone, have undergone grain boundary
migration to inequigranular-interlobate aggregates.
In the metapelites south of the Easy Pass fault, foliation is defined by chlorite, biotite, and
muscovite. In thin sections of the schists, the micas form asymmetrical tails around the quartz
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and plagioclase and C’-type crenulation cleavage within fine-grained layers. Quartz exhibits
bulging recrystallization. In the phyllites, continuous foliation is defined by muscovite,
biotite, and chlorite. The phyllite also contains C’-type crenulation cleavage and
asymmetrical mica tails around quartz grains. C-planes are defined by biotite and chlorite,
and S-planes are defined by muscovite and biotite. Quartz grains have experienced bulging
and subgrain rotation recrystallizations.
In a glacial cirque in the southernmost part of the study area along Ragged Ridge, the unit
is massive metasandstone and pelitic hornfels (Fig. 11). Bedding in the coarse-grained
metasandstone strikes 345° and dips 45° to the east.
Central Domain
The central domain consists of multiple metamorphic and stratigraphic units, as detailed in
the stratigraphy section. In the Twisp River Valley, the units grade from amphibolite-facies
metamorphism in the southwest to sub-greenschist-facies metamorphism in the northeast.
Quartzite of Twisp Valley Schist
As detailed in Miller et al. (1993), the quartzite of the TVS has undergone multiple
generations of folding. The quartzite foliation strikes northwest and dips northeast (Fig. 26).
Outcrop scale folds are defined by foliation. In many outcrops, the folds are steeply plunging,
and are associated with crenulation cleavage. Some of the quartzite contains veins that crosscut foliation but are tightly folded. In thin section, the rock consists of >90% anhedral,
inequigranular-interlobate aggregates of recrystallized quartz. Micas and elongate quartz
define foliation. In thin mica layers, biotite and muscovite form C’-type crenulation cleavage
and mica fish, which indicate a dextral sense of shear. cut foliation but are tightly folded. In
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thin section, the rock consists of >90% anhedral, inequigranular-interlobate aggregates of
recrystallized quartz. Micas and elongate quartz define foliation. In thin mica layers, biotite
and muscovite form C’-type crenulation cleavage and mica fish, which indicate a dextral
sense of shear.

Figure 26. Poles and great circle of foliation in the
TVS Quartzite. Average is 281°, 64° (n = 11).
Metaclastic rocks of the Twisp Valley Schist
The metaclastic rocks of the TVS are most abundant in the southern part of the domain
from the South Creek metaconglomerate to Scaffold Ridge. From the northmost exposures
of the metaclastic rocks to the War Creek area, foliations strike northwest and dip northeast
(Fig. 27), and dips steepen with proximity to the Foggy Dew fault zone. Foliations along
Scaffold Ridge strike variably, although a majority strike east and dip south (Fig. 28). In the
area south of Mystery Camp, the phyllite displays folded foliation and crenulation cleavage.
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Figure 28. Poles and great circles of
foliations in metaclastics on Scaffold
Ridge (n = 6).

Figure 27. Foliations of metaclastics
in N Twisp River Valley (n = 12).

The (Fig. 29). In the War Creek debris flow outcrop scarp near to the Oval Peak
batholith, the schist displays boudinage structures (Fig. 30) and tight and open folds of
layering.
In thin section, the metaclastic rocks display foliation as defined by micas. The phyllite
and schist locally contain crenulation cleavage and tails around the clasts of quartz and
plagioclase. One sample contains discontinuous crenulation and disjunctive cleavage. Quartz
in the schist shows grain boundary migration.
Metavolcanic unit
The narrow metavolcanic unit north of War Creek is mylonitic. Foliation strikes
northwest and southeast and dip steeply to the southwest and northeast (Fig. 31). The strong
ductile fabric near the base of the unit is well displayed by elongate phenocrysts of sigma-
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Figure 29. Outcrop of folded phyllite west
of Mystery Camp. Symmetrical folds on
surface have wavelengths of 4 cm on
average.

Figure 30. Pinch-and-swell structure in
metaclastic rock of TVS. This is located in
the upper part of the debris flow exposure
in Twisp River Valley. To the left is a sill
from the Oval Peak tonalite.

Figure 31. Poles and great circles of foliations in
metavolcanic rocks. Average is 229°,74° (n = 8).
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type feldspars in a matrix of chlorite (Fig. 32). Structurally upward toward the northeast and
adjacent to the Foggy Dew fault zone, the rocks appear less strongly ductilely deformed.

Figure 32. Elongated fragment of ductilely
deformed feldspar. This outcrop is located
at the base of the metavolcanic unit.
In thin sections, ribbons of quartz, elongate plagioclase phenocrysts, and micas define the
foliation. Quartz has undergone subgrain rotation recrystallization. Muscovite, chlorite, and
biotite form sigma-type, asymmetrical tails on plagioclase. The micas also define C’-type
crenulation cleavage.
South Creek metaconglomerate
The foliated South Creek metaconglomerate is localized in two discontinuous outcrops of
interbedded pebble metaconglomerate and metasandstone in the Twisp River Valley.
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Foliation is well defined in the northern exposures of the unit but weakens to the southeast.
Foliation is defined by elongate clasts of quartzite and alignment of micas (Fig. 33). In the
north, foliation trends northeast and dips are steeper on average than in the southern outcrops
(Fig. 34A). Foliation in the southern outcrops strikes northwest (Fig. 34B). The few beds
measured in both areas strike northwest and dip moderately northeast, as shown by
Dragovich et al. (1997). Average bedding orientation is 277°, 59° to the northeast. Foliation
is well defined near the contact with the Twisp Valley Schist. It lessens in intensity to the
northeast and bedding becomes the more well-defined planar feature. In both northern and
southern outcrops, mica tails form asymmetrical tails around the clasts. In thin sections
foliation is defined by muscovite, chlorite, biotite, and elongated quartz. In quartzite clasts
the quartz has undergone subgrain rotation recrystallization.
Metamorphosed Winthrop Formation
Metamorphic textures and foliations in the Winthrop Formation are best defined in
outcrops to the southwest near the metaclastic rocks of the Twisp Valley Schist. Foliation
strikes northwest and dips to the northeast (Fig. 35). From five observations bedding
averages 319°, 30°. In the southwest multiple cleavages and compositional layering are
developed near Mystery Camp. The cleavage is axial planar to tight folds of 2-4 cm
wavelengths. The rock is also lineated. To the north and northeast, sedimentary structures
become more common, and the rocks are nonfoliated.
In thin section some of the finer-grained sandstone samples have extensional C’-type
crenulation cleavage, and foliation is defined by biotite, muscovite, and chlorite. Asymmetric
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Figure 33. Outcrop from the N exposures of the South Creek metaconglomerate.
Ductile deformation has resulted in foliation defined by elongate quartzite clasts
and micas. Aspect ratios are 4.89.
A

B

Fig. 34. Poles and great circles of foliations of South Creek metaconglomerate. A is
from northern exposures and foliations average 233°, 79° (n = 6). B is from the
southern exposures and foliations average 297°, 52°(n = 12).
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Figure 35. Poles and great circles of foliations
from meta-Winthrop Formation. Average is 286°,
56° (n = 12).
folds occur near the Foggy Dew fault zone in the southern part of the Twisp Valley. In the
coarse-grained metasandstones near Mystery Camp, foliation is defined by the elongation of
polycrystalline quartz and elongate muscovite and chlorite. Quartz grains have undergone
grain-boundary-rotation recrystallization. The coarser sandstone to the northwest has
randomly oriented micas, quartz, and plagioclase. Quartz displays undulatory extinction with
bulging at the grain margins.
Southern Domain
Foggy Dew fault zone rocks
The Foggy Dew fault zone is a northwest-trending zone of mylonitized metaclastic rocks,
amphibolites, and tonalitic rocks that ranges from approximately 700 m to 1,400 m wide
(Miller and Bowring, 1990). Along the two west-to-east transects, the foliation strikes
northwest and dips moderately to steeply to the northeast (Figs. 36A and 36B). Foliation in
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the mylonitized tonalite is defined by biotite, plagioclase porphyroclasts, and quartz ribbons.
The plagioclase and quartz ribbons display asymmetrical shear. Amphibolite foliation is
defined by elongate feldspars and amphiboles (Fig. 37). Muscovite and biotite schist contains
elongate quartz gains with mica tails that indicate dextral shear.
A

B

Figure 36. Poles and great circles of foliations in Foggy Dew fault zone. A is
along Spirit Mountain/Buttermilk Butte and the average is 310°, 72° (n = 30). B
is along Raven Ridge and the average is 300°, 64° (n = 12).
Thin section the meta-clastic rocks, amphibolites, and tonalitic orthogneisses display
mylonitic fabrics. In the western part of the fault zone the tonalitic mylonites contain
pervasive foliation and shear bands of C’-type crenulation cleavage defined by muscovite,
biotite, chlorite, and quartz ribbons. Quartz experienced subgrain rotation recrystallization.
The continuous foliation in the muscovite and biotite schists is defined by grains and
aggregates of micas, elongated quartz, and porphyroclasts of plagioclase and quartz with
mica tails. These microstructures indicate dextral shear. Quartz in the schist experienced
grain boundary migration and subgrain rotation recrystallization. The greenschist also
contains isoclinal folds of calcite veins.
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Figure 37. Outcrop of amphibolite of the Foggy Dew
fault zone. Elongated lenses of plagioclase indicate
dextral shear.
GEOCHRONOLOGY AND PROVENANCE OF UNITS
The goal of the detrital zircon geochronology component of this study is to interpret the
maximum deposition age (MDA) and source terrains of the metaclastic rocks within and
adjacent to the Ross Lake fault zone. Dating metasandstone and metapelitic samples from
units in the fault zone was conducted in different stages at three universities. Zircon mineral
separations were conducted at San Jose State University (SJSU). At SJSU, the samples were
crushed using a rock pulverizer, milled to sand-sized particles using an industrial disc mill,
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separated by particle density using a Wilfley table, further separated by a Franz magnetic
separator, and then separated by heavy liquids by first using Bromoform and then Methylene
Iodide. Using the JEOL 7100FT Field-emission Scanning Electron Microscope (FESEM) in
the Microbeam Lab at the University of Nevada Reno (UNR), and a cathodoluminescence
(CL) detector, I created images of the zircons. From each sample, five randomly selected
zircon grains were imaged in more detail to study morphology. The zircon separates were
analyzed using the Laser Ablation – Inductively Coupled Plasma Mass Spectrometry (LAICPMS) in the Laser Ablation Split Stream (LASS) lab at the University of California, Santa
Barbara (UCSB). Zircon selection focused on the cores and avoided metamorphic rims. This
was done to determine the original crystallization age.
Four samples were processed from the following units: Twisp Valley phyllite (sample
109); Foggy Dew biotite schist (sample DH-11); Easy Pass metasandstone (sample 211); and
Methow sandstone from McKay Ridge (sample 154). Sample 109 and sample 154 were
analyzed together in one epoxy mount, whereas sample DH-11 and sample 211 were
analyzed on separate epoxy mounts. Three other dated samples from my study areas include
one sample of the Little Jack unit (sample NC-783), dated by Kirsten Sauer at UNR (cited in
in Gordan et al., 2017), and two samples (PX-113-1 and PX-113-3) of the South Creek
metaconglomerate and one sample of the meta-Winthrop Formation (GP-801), dated by Scott
Paterson at the University of Southern California (USC). Table 1 displays all detrital samples
with location, lithology, technique, and source of sample. Locations are in North American
Datum (NAD) 83 in Universal Transverse Mercator (UTM) zone 10.
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Table 1. Detrital zircon samples used in this study.
Sample
Northern
Domain
154

UTM E

UTM N

Lithology

Technique

Reference

0661532

5394324

0653749

5397460

211

00658689

5382356

Litharenite

U-Pb LAICPMS
U-Pb LAICPMS
U-Pb LAICPMS

This study

NC-783

Subfeldsarenite
Phyllite

Central
Domain
GP-801

0680480

5370341

Fine
sandstone to
siltstone

U-Pb LAICPMS

PX-113-1

0684815

5365407

U-Pb LAICPMS

PX-113-3

0684815

5365407

Coarse
sandstone to
fine pebble
conglomerate.
Coarse pebble
conglomerate

109

0690889

5360120

Phyllite

U-Pb LAICPMS

Unpublished
from Scott
Paterson,
USC
Unpublished
from Scott
Paterson,
USC
Unpublished
from Scott
Paterson,
USC
This study

Southern
Domain
DH-11

702651

5344604

Biotite schist

U-Pb LAICPMS

U-Pb LAICPMS

Gordon et al.,
2017
This study

This study

For comparing zircons ages, probability density plots and histograms for each sample
were made using Isoplot 3.75 in Excel 2003. The graphs were then stacked to study
similarities and differences between the samples. All MDAs were determined using the mean
age of the youngest three or more grains that overlap in age at 2s. This method was
determined to be the most robust by Dickinson and Gehrels (2009). The MDAs with asterisks
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on Fig. 38 indicate samples with <117 grains that do not meet the statistical adequacy
outlined in Vermeesch’s (2004) analysis detrital provenance studies.
Results
My results and those of Sauer and Paterson are presented and discussed starting with
samples in the northwest and following to the southeast. The probability density plots of
sample NC-783 of the Little Jack unit have a large number of grains (n = 106) concentrated
between ca. 190 and 270 Ma (Fig. 38). The majority of the grains are Triassic and have a
bimodal distribution from ca. 260 Ma to ca. 200 Ma. The MDA is ca. ~200 Ma, which is
approximately the Triassic-Jurassic boundary. The largest peak is ca. 215 Ma.
For the Methow sandstone sample (154) on McKay Ridge, only 16 zircons were
analyzed. They are distributed between 80 Ma and 260 Ma. The MDA for this limited data is
ca. 114 Ma. The few grains make this sample highly statistically inadequate. Half of the
grains are concentrated in a peak at ca. 158 Ma. In Fig. 39, the five representative grains
from sample 154 show a diversity of sources and histories based on the ages and the
morphology in the CL images. The CL images show that zircons range from 40-150 µm in
diameter, are euhedral to anhedral, and have aspect ratios from ~2:1 to ~1:1.
The sample of the Easy Pass unit metasandstone (211) has the most diverse age range on
the PDP. The grains (n = 113) range in age from Proterozoic to Late Cretaceous. Most of the
grains range between ca. 80 Ma to ca. 250 Ma. The MDA is ca. 99 ± 2 Ma. Because the
nearest Black Peak intrusive complex intrusion is ~90.9 Ma (Shea et al., 2016), grains
younger than 90.9 Ma were not included in the MDA estimation, and their ages may be due
to error in zircon analysis. The MDA puts the deposition and burial of the Easy Pass unit at
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Figure 38.
Probability density
plots (PDP) for all
samples. Ages are
from cores only. The
color lines represent
the age probability
function of each
sample. The
histogram bars
represent the number
of grains per age
group. MDA is
denoted by the
dashed vertical lines
accompanied by the
ages. Peaks are
denoted by the ages
above them in Ma.
Asterisks represent
samples with less
statistical adequacy
(<117 grains).

~9-10 Ma before the nearby intrusion of the nearest Black Peak intrusive complex. A quarter
of the grains concentrate in one sharp peak at ca. 143 Ma. Other peaks, in decreasing
prominence, are ~173 Ma, ~210 Ma, and ~95 Ma. CL images (Fig. 40) indicate that grains
range from euhedral to anhedral, and most seem to lack a definitive core and rim. The grain
in Figure 40A is the exception and is interpreted to have an inherited core encased in an outer
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B

A

C

E

D

Figure 39. CL images of zircons
representative of sample 154 of the
Methow sandstone. Grains in A and B
contain cores with magmatic growth rims.
The grain in A has an off-centered core
from the magmatic growth rim. Grains in
D and E show well-defined bimodal
zoning defined by trace-element-rich- and
trace-element-poor bands; whereas, the
grain in C is very faint zoning.

growth rim. Diameters range from ~100-220 µm. The grain in Fig. 40B displays sector
zoning with fracturing through the center and outer part of the grain probably due to higher
concentrations of uranium. The grain in Fig. 40C has faint sector zoning. The grains in Fig.
40D and 40E show well-defined zoning and are subhedral.
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A

B

C

D

E

Figure 40. CL images of zircons
representative of sample 211 of Easy
Pass unit. The grains in A and B lack
trace-element zoning and the grains in
C, D, and E display trace-element
zoning. The grains of C, B, and E
show sector zoning.

The zircons (n = 116) in the metamorphosed Winthrop sandstone sample, GP-801, range
from 100 Ma to 240 Ma. The sample has two Cretaceous peaks at ca. 112 Ma and ca. 144
Ma, and a smaller peak at ca. 228 Ma. The MDA was calculated as 110 ± 7 Ma (Albian).
The two samples (PX-113-1 and PX-113-3) of the South Creek metaconglomerate,
collected by R.B. Miller (SJSU) and dated by Scott Paterson (USC), contain a combined total
of 61 zircon grains (Fig. 38) and thus has significant statistical inadequacy. The samples have
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similar distributions and similar peaks (Fig. 38). The 41 grains analyzed from PX-113-1 have
one broad peak at ca. 227 Ma and the 20 grains from PX-113-3 define a broad peak at ca.
221 Ma (Fig. 39). The MDA for PX-113-1 is 119 Ma and MDA for PX-113-3 is 148 Ma.
When the sample plots are combined, they produce an MDA of ca. 110 (Albian) and broad
ca. 225 Ma peak, including grains ranging from 195 to 260 Ma (Fig. 41).The sample (109)
from the Twisp Valley phyllite contains 23 grains (Fig. 38), which makes the results
significantly statistically inadequate. All but three of the grains are concentrated in one
distinct Late Cretaceous peak at ca. 90 Ma (Fig. 38). The MDA was estimated as 88 Ma. The
majority of the grains are euhedral and zoned (Fig. 42). The grains are ~50-400 µm in
diameter and have aspect ratios ranging from 2:1 to 1:1. In Fig. 42, the grain in A is less well
formed than the other grains and contains a core with weak zoning and a rim with welldefined zoning. Due to their discontinuous zoning, the grains of D and the right grain in E are
partial pieces from larger original grains. The grains in B through D do not contain a
xenocrystic core and magmatic growth rim. This representative selection of grains from
sample 109 reflects the uniformities in morphology and ages and may point to a single
igneous provenance.
Zircons (n = 141) in the biotite schist sample (DH-11) from the Foggy Dew fault zone
define one major peak and one small peak (Figs. 38 and 43). The major peak of 86 grains is
ca. 92 Ma and the small peak of the remaining 55 grains is ca. 148 Ma. The MDA is 90 ±
2Ma. The representative zircons (Fig. 43) show near uniform morphology and trace element
zoning. Aspect ratios range from 4:1 to 1.5 and average 2:1 and diameters range from ~50-

61

Figure 41. PDP of combined South Creek metaconglomerate (PX-1131 and -3).
1

A

B

C

D

Figure 42. CL images of zircons
representative of sample 109 of TVS
phyllite. Grains in A, B, D, and E are
subhedral and the grain in C is
euhedral. The grain in A and the grain
in C contain xenocrystic cores and
metamorphic rims. All grains have
trace-element zoning.

E
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57 µm. The grain in Fig. 43A and the grain on the right side in Fig. 43D have grains is ca. 92
Ma and the small peak of the remaining 55 grains is ca. 148 Ma. The MDA is 90 ± 2Ma. The
representative zircons (Fig. 43) show near uniform morphology and trace poorly defined
zoning and are less well-formed than the other zircons. The zircons in Fig. 43B, 43C, 43E,
and the grain on the left side in Fig. 43D have sector zoning.

A

B

C

D

E

Figure 43. CL images from
representative grains of sample DH-11
of biotite schist. The grains in A-E
show uniform euhedral crystals and
trace-element sector zoning. The grain
in A displays faint zoning that contrasts
with the other grains. All grains lack
distinct cores and rims.
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DISCUSSION
The Ross Lake fault zone exposes different crustal levels in and adjacent to the
Cretaceous to Eocene North Cascades magmatic arc, and thus provides an exceptional locale
to study deep burial of sediments within the arc. Of the three proposed mechanisms for deep
sediment burial (e.g., Ducea 2001; Saleeby, 2003; DeCelles et al., 2009; Hacker et al., 2011),
this study examines the evidence for underthrusting of sedimentary rocks from the backarc to
beneath or within the arc. Lithologic, detrital zircon, and structural analysis from this study
and previous studies provide new connections between units within and adjacent to the Ross
Lake fault zone.
To evaluate backarc underthrusting, it is important to examine and compare rocks of the
Ross Lake fault zone to rocks of the backarc to the east. Numerous authors (Misch, 1966;
Miller et al.,1994; Dragovich et al., 1997; Tabor et al., 2003; Haugerud and Tabor, 2009)
have related metaclastic rocks in the Ross Lake fault zone to the Methow basin. In addition,
recent geochronological studies by Surpless et al. (2014), Gordon et al. (2017), Sauer et al.
(2017a; 2017b), and this study help clarify these relationships.
Northern Domain Analysis
Little Jack unit area
The Little Jack unit and its relationship to the Methow basin were studied in a 6 km-long
transect along Ruby Creek and Canyon Creek, and a 2 km-long transect along McKay Ridge
(Fig. 6). The rock types and lithologic trends from west to east in these transects confirmed
much of previous studies by Misch (1966) and Tabor et al. (2003). The Little Jack unit is
predominantly metapelite that decreases in metamorphic grade from amphibolite facies in the
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west next to the Ruby Creek plutonic belt to sub-greenschist facies to the east next to rocks
of the Methow basin. Misch (1966), Tabor et al. (2003), and Haugerud and Tabor (2009)
have proposed that the Little Jack unit is correlative to sub-greenschist facies rocks of the
Methow basin, whereas, McGroder (1989) and Miller et al. (1994) proposed that the
Hozameen fault separates the Little Jack unit from the Methow basin rocks. My lithologic
and structural observations confirm that it is a fault contact. One the northeast side of the
Hozameen fault in the study area, the rock type shifts from predominantly metapelite to
predominantly sandstone. The Hozameen fault is defined by sheared serpentinite along
Canyon Creek. Along McKay Ridge the fault separates low-grade metapelite to the west
from sandstones and interbedded siltstone to the east.
Within a 500-m-wide zone of transect A-A’ (Fig. 6), changes in foliation and bedding
orientations further support the southward extension of the Hozameen fault past where it was
mapped by Misch (1966), Tabor et al. (2003) and Haugerud and Tabor (2009). In the Ruby
Creek - Canyon Creek transect on the west side of the fault (Fig. 6), bedding in mudstone is
oriented at 105°, 79° S. A short distance to the east of the serpentinite and the fault, the
attitude of bedding in sandstone is 186°, 72° W. In cross-section B-B’ (Fig. 6) along McKay
Ridge, the Hozameen fault is demarcated by the change from slate with foliation oriented
122°, 85° W on the west and by bedding in sandstone oriented 311°, 81°N on the east.
Geochronological data from the Little Jack unit (sample NC-783) and a Methow
sandstone (sample 154) along McKay Ridge further support the presence of the Hozameen
fault (Fig. 38). McGroder (1991) correlated the Little Jack unit to the Ladner Group of the
Methow terrane in British Columbia. The Boston Bar Formation of the Ladner Group has an
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MDA of 165 ± 4 Ma with single peak at ca. 170 Ma (Sauer et al., 2017b). In contrast, the
Little Jack unit has an MDA of ca. 200 Ma and peaks at ca. 215 Ma and ca. 247 Ma. Thus,
the Little Jack unit signature does not match the Boston Bar Formation (Fig. 44) (Gordon et
al., 2017; Sauer et al., 2017b) and the Little Jack unit is probably older than the clastic rocks
of the Methow basin.

Figure 44. PDPs of Little Jack unit and Boston Bar Formation of Ladner
Group. Modified from Sauer et al. (2017b).
The Little Jack unit sample is also dissimilar to the composite signatures from the rocks
of the Methow basin (Surpless et al., 2014) (Fig. 45). The Harts Pass Formation of the
Methow basin has MDAs of 109 ± 4 Ma and 108 ± 3 Ma in the north and 112 ± 2 Ma and
112 ± 4 Ma in the south. The Winthrop Formation has an MDA of 109.8 ± 4.3 Ma in north
and 107.2 ± 7.4 Ma in the south (Surpless et al., 2014). The PDP composite for both
formations in the north has peaks at ca. 116 Ma and ca. 161 Ma and in the south at ca. 115
Ma and ca. 160 Ma. Although there is considerable statistical uncertainty for the Methow
sandstone of McKay Ridge, its signature (Fig. 38) is very different than that of the Little Jack
unit. These differences support the conclusion that these are different units separated by the
Hozameen fault. Alternatively, the age data could indicate an unconformity along McKay
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Ridge. On a much larger scale, the Little Jack unit ages are similar to those reported by
Needy et al. (2009) from the Mojave province. These ages could indicate provenance and
large-scale translation from the Mojave region. The detrital ages of the Little Jack unit are
also dissimilar to those of metasedimentary rocks of the Swakane Gneiss and Skagit Gneiss
Complex of the Cascades core (Figs. 38, 46, and 47) (Gordon et al., 2017; Sauer et al.,
2017a). Comparing MDAs with the Little Jack unit, the Skagit Group 1 ranges from ~134-79
Ma and Group 2 ranges from ~121-96 Ma. MDAs both of Skagit Gneiss groups indicate
Early to Late Cretaceous deposition in contrast to an Early Jurassic age seen in the Little Jack
rocks. The ~215 and 247 Ma peaks in the Little Jack unit contrast with the mostly
Cretaceous, Jurassic, Paleozoic, and Precambrian peaks in the Skagit Gneiss. The MDAs of
the Swakane paragneiss range from ~91-78 Ma (Gordon et al., 2017) and are much younger
than the Little Jack unit. Cretaceous, Jurassic, Paleozoic, and Precambrian peaks in the
Skagit Gneiss. The MDAs of the Swakane paragneiss range from ~91-78 Ma (Gordon et al.,
2017) and are much younger than the Little Jack unit.

Figure 45. Composite PDPs of the Cretaceous Methow basin formations. They are
from the north in Manning Provincial Park in British Columbia, Canada, and from
the south in Pasayten Wilderness in Washington, USA. Modified from Surpless et
al. (2014).
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Figure 46. Composite
PDPs of Group 1 and
Group 2 from the Skagit
Gneiss Complex. Group 1
is divided into Mesozoic
and Proterozoic zircon
grains. Modified from
Sauer et al. (2017a).

Figure 47. Composite
PDPs of Swakane
Gneiss
metasedimentary
rock. Modified from
Gordon et al. (2017).

68

In comparison with the peaks and MDAs (LaMaskin, 2012) of the generally younger
forearc rocks of the North American Cordillera, the detrital zircons in the rocks of the Little
Jack unit do not match. LaMaskin (2012) consolidates detrital zircon data from other North
American Cordilleran studies and divides the data into four groups (A, B, C, and D) based on
the MDA of the basin and the range of ages found in each (Fig. 48). The ~215 Ma and ~246
Ma peaks of the Little Jack unit are closer to, but still different from, the graywacke on the
Ingalls Complex (North Cascades), Coon Hollow Formation (Northeast Oregon), and Galice
Formation (Klamath Mountains) of group A. In group B of LaMaskin (2012), all MDAs and
peaks, with exception of the Gravina belt in Alaska, postdate the Little Jack unit. Though not
a perfect fit, the Gravina Belt has two pre-200 Ma peaks at ˜205 Ma and ˜280 Ma. With two
exceptions, all of the major peaks of group C Paleozoic-Early Mesozoic basins are older than
1.6 Ga. The Yukon-Tanana terrane in the Coast Mountains and Baker terrane have major
peaks at ~375 Ma and ~275 Ma, respectively, which predate that of the Little Jack unit.
LaMaskin (2012) divides the rocks of group D into those with peaks of pre-300 Ma and those
of peaks post-300 Ma. The rocks of group D have MDAs that are younger than the MDA of
the Little Jack unit.
Easy Pass area
Previous studies of the Easy Pass unit noted similarities to lithologies within the
Virginian Ridge Formation of the Methow basin (Miller et al., 1994; Haugerud and Tabor,
2009). My study similarly recognized metaconglomerate interbebbed with meta-litharenite
and minor metapelite, including phyllite, biotite schist, and hornfels (Fig. 11).
There is no detrital zircon data for the Virginian Ridge Formation, but the detrital zircon
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Figure 48. Composite
PDPs of forearc rocks of
North American western
Cordillera. These
metasedimentary and
sedimentary rocks are
located in the USA and
Canada. The basins are
divided into four lettered
groups (A, B, C, and D)
based on basin age
ranges. Modified from
LaMaskin (2012).

D

C

signature of the Easy Pass unit (sample 211) (Fig. 38) is different than that of other units in
the Methow basin (Surpless et al., 2014). Dated Cretaceous clastic rocks of the Methow basin
have average MDAs of 110 ± 3.3 Ma for the Harts Pass Formation and 108.5 ± 5.8 Ma for
the Winthrop Formation, which are in agreement with the fossil ages (Barksdale, 1975;
Surpless et al., 2014). The Easy Pass unit has a considerably younger MDA of 99 ± 2 Ma.
Peaks of 143 Ma, 173 Ma, and 210 Ma in the Easy Pass unit also do not correspond to the
peaks seen in the Harts Pass Formation and Winthrop Formation (Figs. 38 and 45). In short,
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the Easy Pass unit is distinctly younger and has a different provenance than these units of the
Methow basin.
The Easy Pass detrital zircon age signature is also dissimilar to that of the South Creek
metaconglomerate to the south (Fig. 38), which is compositionally equivalent to the
Virginian Ridge Formation (Dragovich et al., 1997). The combined PDPs for the
metaconglomerate reveal an MDA of ca. 110 Ma and a peak at ~225 Ma (Fig. 42).
It is noteworthy that the Easy Pass unit is intruded by a phase of the Black Peak intrusive
complex at ~90.1 Ma (Shea et al., 2016). This would constrain the burial of the Easy Pass
unit in the Cretaceous arc to within ~9-10 Ma after deposition.
A comparison of the Easy Pass unit with roughly coeval rocks of the region indicates that
the unit is most similar to the 100 ± 4 Ma MDA of the Upright Head conglomerates (Brown,
2012) of the forearc. However, the Easy Pass unit lacks the ~110 Ma and ~165 Ma peaks
found in Upright Head and Blakely Island conglomerates and other sedimentary rocks of the
North Cascade forearc of similar ages (Dragovich et al., 2016; Matthews et al. 2017; Sauer et
al., 2017b). With the exception of the ~210 Ma peak seen in some of the Skagit Gneiss
samples, the Easy Pass unit has generally different MDAs and peaks than those in the
Complex and the Swakane Gneiss of the Cascades core (Gordon et al., 2017; Sauer et al.,
2017a) (Figs. 46 and 47). The Easy Pass unit is thus unique in comparison to other detrital
zircon signatures of the North Cascades.
In terms of detrital zircon sources, magmatic rocks of the Coast Plutonic Complex (CPC),
now commonly referred to as the Coast Mountain batholith, are the best potential source
(Figs. 49 and 50). In particular, magmatic rocks in both the eastern and western magmatic
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belts of the CPC are roughly coeval with the peaks in the Easy Pass unit (Fig. 38). If this
correlation is correct, then this would give the Easy Pass unit a relatively local source in the
CPC. Plutons in the North Cascades arc and Idaho batholith are too young to be sources for
these peaks (Figs. 38 and 49). The ~143 Ma and ~173 Ma peaks of the Easy Pass unit align
with the youngest and largest peaks in the Klamath Mountains. The Sierra Nevada arc could
also be a source with its ca. 145 rocks and large volume of ~100 Ma rocks. The few grains
around the ~210 Ma peak and older grains in the Easy Pass unit correspond to the ~200 Ma
to 245 Ma grains of Mojave rocks. As with previous studies (Enkin et al., 2001; Umhoefer
and Blakey, 2006; Wyld et al., 2006; Sauer et al., 2019), the peaks in the Easy Pass unit that
correspond with Mojave sources may provide further evidence for large scale translations of
North Cascade rocks from more southerly latitudes. Alternatively, the MDA may tie the Easy
Pass unit to a relatively local source of the CPC (Fig. 50).
Central Domain Analysis
The goal in the Twisp River Valley was to study in the two transects of D-D’ and E-E’
(Fig. 13) the affinity of the rocks between the Twisp Valley Schist and the North Creek fault.
Four samples were dated in the Twisp River Valley. I dated a phyllite (sample 109) from the
Twisp Valley Schist, and Scott Paterson of the University of Southern California dated two
samples of the South Creek metaconglomerate (samples PX-113-1 and PX-113-3), and a
sample of metamorphosed Winthrop Formation (sample GP-801).
Analysis of northern transect of Twisp River Valley units
In the northern transect (D-D’) (Fig. 13), the South Creek metaconglomerate
unconformably overlies TVS and contains pebble-sized clasts of polyfolded muscovite
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Figure 50. Histogram and PDP from the Coast
Plutonic Complex. Modified from Gehrels et al.
(2009).
Figure 49. PDP from western Cordilleran
plutonic rocks. Gray boxes outline 3
magmatic flux periods: I. Jurassic (190-180
Ma and 170-150 Ma), II. Mid-Cretaceous
(120-100 Ma), and III. Late Cretaceous
(100-70 Ma) Modified from Sauer et al.
(2017b).
quartzite. The folded quartzite clasts are similar to the underlying TVS quartzite, confirming
the depositional contact between the Cascades core and sedimentary rocks inferred to be
metamorphosed equivalents of part of the Methow basin (Dragovich et al., 1997). The
metamorphosed conglomerates with discontinuous beds of coarse meta-sandstone support a
fluvial depositional environment, and the lithology and fining upward toward the east fit the
published descriptions of the South Creek metaconglomerate by Dragovich et al. (1997),
which closely resemble lithologic descriptions of the Virginian Ridge Formation.
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The detrital zircon data further support that the TVS was the source of the South Creek
metaconglomerate and the correlations of the metaconglomerate with the mid-Albian
Virginian Ridge Formation. The MDA of the combined South Creek metaconglomerate
samples is ~110 Ma (Fig. 42), which is roughly comparable to the Albian (113-100.5 Ma)
fossil-defined age of the Virginian Ridge Formation determined by Tennyson (1974) and
Barksdale (1975). Most zircon grains are from ~200 Ma to ~250 Ma with a unimodal peak at
ca. 225 Ma. The older peak (Fig. 42) is compatible with the mid-Triassic peaks and MDAs
(~240-230 Ma) observed from the Napeequa Schist, equal to the TVS (Sauer et al., 2017a).
No other metasedimentary units in the Cascades core and flanking terranes are known to
have solely a Triassic source (Gordon et al., 2017; Sauer et al., 2017a) (Figs. 47 and 48). The
new data further indicates that South Creek metaconglomerate (i.e. Virginian Ridge
Formation) was buried with the Cascades core during Late Cretaceous.
Structurally above the South Creek metaconglomerate to the northeast, a metamorphosed
arkose is inferred to be in depositional contact on the metaconglomerate below the valley
alluvium (Fig. 13). This massive meta-arkose is interpreted as to be metamorphosed
Winthrop Formation of the Methow basin. Structural observations indicate that both units dip
to the northeast with the meta-arkose dipping more gently. If the correlations of the metaarkose and South Creek metaconglomerate with the Winthrop Formation and Virginian
Ridge Formation, respectively, are correct, then the Winthrop Formation is also tied
depositionally to the Cascades core. The similar MDAs, lithology, and some of the peaks
from the meta-arkose provide further support for this correlation with the Winthrop
Formation (Figs. 38 and 45) (Surpless et al., 2014).
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There are, however, some differences between the PDP of detrital zircons of the metaarkose (GP-801) and the unmetamorphosed Cretaceous Winthrop Formation. Sample GP-801
has an MDA of ca. 110 ± 7 Ma (Albian) with peaks at ~112 Ma and ~144 Ma (Scott
Patterson data) and a considerable number of grains between 190 and 250 Ma (Figs. 38 and
44). The youngest peak from sample GP-801 falls in the range found in the previous studies
of the Winthrop Formation (Surpless et al., 2014) (Fig. 45).
To compare with forearc rocks, the MDA of GP-801 is older than the depositional age of
the Nanaimo Group in Matthews, et al. (2017) (85-66 Ma) and the Nanaimo Group in Brown
(2012) (93-86 Ma). The forearc rocks of the Nanaimo Group, San Juan Islands Washington,
consists of marginal to deep marine and non-marine facies whose Mesozoic peaks and
MDAs and lithologies roughly correspond to some of the rocks of this study. The MDA and
youngest peak of the Blakely Island at ~110 ± 2 Ma matches the youngest peak and MDA of
GP-801 (Brown, 2012). The youngest peak and MDA of GP-801 corresponds to that of a
lithic petrofacies sample (14-39S) of the Western mélange belt (Sauer et al. 2017b). In
comparisons with the rocks in the Cascades core that may be derived from the forearc, the
peaks of GP-801 do not match those of the metasedimentary rocks of the Skagit Gneiss
Complex and the Swakane Gneiss (Figs. 46 and 47) (Gordon et al., 2017; Sauer et al.,
2017a). However, the MDA of GP-801 falls within range of the MDAs of three samples in
Skagit Gneiss Group 2 (Fig. 46) (Sauer et al., 2017a). The MDAs of the Swakane Gneiss are
much younger (Fig. 45) (Sauer et al., 2018).
The sources for the zircons of the Winthrop Formation have been an issue of debate and
have tectonic implications for the western Cordillera. It is widely proposed that the
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Formation was derived locally from the east, which is compatible with abundant paleocurrent
data (Barksdale, 1975; McGroder, 1989). Surpless et al. (2014) concluded that the
Cretaceous zircon peaks match the crystallization ages (114-111 Ma) (Hurlow and Nelson,
1993) of the Okanogan Range plutonic rocks on the east side of the Pasayten fault (Fig. 5).
This age range also matches the largest and youngest ~112 Ma peak of the meta-Winthrop
Formation in the Twisp River Valley. Another local source within the North Cascades is the
Late Triassic (˜220 Ma) Marblemount plutons (Mattinson, 1972). This age corresponds to the
pre-200 Ma ages of the meta-Winthrop (Fig. 38). The position of the Marblemount plutons,
however, is not compatible with the paleocurrent data. The ~112 Ma peak and ~144 Ma
grains roughly correspond to the crystallization ages of the mid-Cretaceous (120-100 Ma)
and Jurassic (170-150 Ma) magmatic rocks in the Coast Plutonic Complex (Fig. 50) (Gehrels
et al., 2009).
There are also potential southern sources for the meta-arkose. The ~144 Ma peak in the
meta-arkose could be sourced from the roughly ~160-130 Ma intrusions in the Klamath
Mountains (Fig. 49). However, the youngest peak in the meta-arkose does not correspond to
a Klamath Mountains magmatic event. To evaluate the fauna and paleomagmatic data
suggesting that the meta-Winthrop sediments may have been dextrally translated ~2500-3000
km northward as part of Baja BC (e.g., Beck, 1976; Irving et al., 1985; Umhoefer, 1987), the
detrital zircon distributions were compared with other potential southern sources. These
sources include mid-Cretaceous plutons in the Sierra Nevada batholith (Fig. 49), as they are
coeval with the MDA and ~112 Ma peak of sample GP-801 (Fig. 38). The ~144 Ma peak and
remaining 250-190 Ma zircons in the sample could correspond to the Jurassic and Triassic
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plutons in the Mojave. In addition, U/Pb zircon ages (140-80 Ma) indicate the Peninsular
Range batholith in Baja California may be a source of the younger peak and MDA of the
Winthrop Formation (Ortrega-Rivera, 2003). In conclusion, data from the metamorphosed
Winthrop Formation do not enable me to choose between local sources or southerly sources.
Analysis of Twisp River Valley units on the southern transect
The results reveal new insights on the ages and sources of units in the southern transect
and their relations to other units of the North Cascades. Data from the southern transect (EE’) (Fig. 13) confirm the presence of phyllite and quartzite units of the TVS (Miller et al.
1993). The quartzite is interpreted as a metamorphosed deep-marine sediment of probable
Triassic age and the phyllite as a distal turbidite deposit. Based on the lithology, Cretaceous
MDA, and structural position above the quartzite, the phyllite potentially represents
metamorphosed sediments of the Methow basin.
Twisp Valley metavolcanic rock is shown to structurally overlie the phyllite unit (Fig. 13)
along a NE-dipping contact, which is inferred to parallel foliations in the phyllite and
metavolcanic rock, which average 301°, 76° NE and 299°, 76° NE, respectively. Mylonitic
microstructures and mineral assemblages within the metavolcanic rock are diagnostic of
greenschist-facies conditions adjacent to the North Creek and Foggy Dew fault. The
structural position of the metavolcanic unit above the phyllite leads to the interpretation that
the unit is also potentially part of the Methow basin.
In the transect (Fig. 13), the few zircon grains from the Twisp Valley Schist phyllite
(sample 109) (n=23) reveal an MDA of ca. 88 Ma and unimodal peak at ca. 90 Ma (Fig. 38).
The MDA of the phyllite implies that there is an unconformity or fault between the phyllite
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and quartzite of the Twisp Valley Schist. The Late Cretaceous MDA is ~17 Ma younger than
the MDA of the youngest Winthrop Formation rocks (Figs. 38 and 45) (Surpless et al., 2014).
Although only 23 grains were dated leading to much statistical uncertainty, the MDA and
peaks of the phyllite do not match the backarc or forearc rocks of the North Cascades
Cretaceous arc (e.g., Gordon et al., 2017; Sauer et al., 2017a, 2017b). However, if only
comparing MDAs, the ~88 Ma MDA matches the Goat Wall unit (Surpless et al., 2014) of
the Methow backarc and parts of the western mélange belt (Sauer et al., 2017b) of the
forearc. With the exception of the MDA of Swakane Group 1 (Gordon et al., 2017), the
phyllite also does not match the MDAs or peaks seen in metasedimentary rocks of the Skagit
Gneiss Complex and the Swakane Gneiss of the Cascades core (Figs. 47 and 48) (Sauer et
al., 2017a). More data are needed to confirm the lack of older peaks, but the signature of the
phyllite appears to be unique in the North Cascades.
All of the zircons of the phyllite are the same age as the major Late Cretaceous flare-up
(96 – 88 Ma) of the North Cascades (Figs. 38 and 49) (Miller et al., 2009), including the
nearby Black Peak intrusive complex. Therefore, the phyllite may have been sourced from
plutonic rocks of the North Cascades. Assuming this interpretation is correct, the similarity
of the phyllite MDA to the plutonic ages also implies rapid burial of the sediments during arc
magmatism. One intriguing observation is that the presumed turbidite protoliths were solely
deposited in deep-marine conditions close to the inferred arc source.
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Southern Domain Analysis
Foggy Dew fault zone units
The rocks of the Foggy Dew fault zone were studied along two west-to-east transects: 1)
a 1.4 km-long transect between Spirit Mountain and Buttermilk Butte; and 2) a 750 m-long
transect along Raven Ridge (F-F’) (Fig. 18). The primary focus of these transects was to
understand the origins and relationships of the metasedimentary rocks to other rocks in and
adjacent to the Ross Lake fault zone. Detrital zircons were dated from a biotite schist (sample
DH-11) from the Raven Ridge transect (F-F’) (Fig. 18).
As detailed by Miller and Bowring (1990), the western margin of the Foggy Dew fault
zone deforms the tonalitic Oval Peak batholith (~65 Ma), and the core of this zone is
mylonitic tonalitic orthogneiss, amphibolite, and metasedimentary rock. The
metasedimentary rocks are micaceous quartzite, biotite schist, muscovite schist, and phyllite.
Structural observations indicate dextral movement in the Foggy Dew fault zone (Miller and
Bowring, 1990).
The detrital zircons ages of the biotite schist in the fault zone mostly differ from other
metasedimentary rocks of the North Cascades. This schist has an MDA of ~90 ± 2 Ma, a
major peak at ~92 Ma, and a few grains at ~148 Ma (Fig. 38). This MDA and ~92 Ma peak
are similar to that of the Twisp Valley Schist phyllite and are younger than major clastic units
of the Methow basin (Figs. 38 and 45). In comparison to the Skagit Gneiss of the Cascades
core (Sauer et al., 2017a), the youngest peak in the Foggy Dew biotite schist, as well as in the
Easy Pass unit and TVS, is close to the youngest peaks in two of the Skagit samples (SK1510B and NC-772) (Fig. 46). In comparisons to the Swakane Gneiss of the Cascades core
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(Fig. 47) (Sauer et al., 2018), the MDA of the biotite schist and peak only match that of the
MDA in Group 1, but the Gneiss has a ~155 Ma peak, which is absent in the schist from the
Foggy Dew fault zone. Relative to the forearc sedimentary rocks in western Washington and
British Columbia, the youngest peak in the biotite schist corresponds to the MDA of the
western mélange belt (Sauer et al., 2017b). The biotite schist may correspond to the Nanaimo
Group MDAs of 93-86 Ma from Brown (2012) and ~90 Ma peaks in the Nanaimo Group in
Matthews et al. (2017). Lithologic comparisons have also been made between metapelites of
the Foggy Dew fault zone and the TVS (Miller and Bowring, 1990). The data from my
Foggy Dew biotite schist and TVS phyllite samples confirm that these rocks are comparable
based on zircon MDA ages.
There are multiple potential plutonic sources in the western Cordillera for the zircons in
the biotite schist. These zircons fall within the 96 – 88 Ma flare-up of the North Cascades
(Fig. 49), which is compatible with a local source. The <10 zircons that cluster at ~148 Ma
do not correspond to an abundant local source, although there are minor plutons of
approximately this age that intrude the Methow basin and in arc rocks of the western
mélange belt (Tabor, 1994). They also could be sourced from the youngest magmatic peak in
the Klamath Mountains (Fig. 49) (Irwin and Wooden, 1999), or from other segments of the
Cordilleran arc farther to the south.
Significance of the Belt of mid-Cretaceous Clastic Rocks
The Twisp Valley Schist phyllite, Foggy Dew biotite schist, Easy Pass unit
metaconglomerate, and the Twisp Valley metavolcanic rock form a belt of Cretaceous metasedimentary and metavolcanic rocks in and adjacent to the Ross Lake fault zone. The TVS
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phyllite and Foggy Dew biotite schist have ~90 Ma MDAs, whereas the Easy Pass unit
metaconglomerate is ˜9 Ma older. Their peaks and MDAs are not common in the North
Cascades. The Easy Pass unit MDA corresponds to the MDA of the Upright Head
conglomerate (100 ± 4 Ma) (Brown, 2012) of the forearc and the MDAs of the phyllite and
the biotite schist seem to overlap with the ~90 Ma peaks in the Nanaimo Group rocks
(Matthews et al., 2017). These similarities imply a similar source as the forearc rocks. Many
(Misch, 1966; Miller et al., 1994, Gordon et al., 2010a) refer to at least some of the
metamorphosed sedimentary rocks of the Ross Lake fault zone as possibly having a Methow
basin protolith, but, the MDAs of the Twisp Valley Schist phyllite and Foggy Dew biotite
schist are ~20 Ma younger than those of the major clastic units of the Methow basin (Fig.
38), and the MDA of the Easy Pass unit is ~10 Ma younger than the Methow clastic rocks.
Relationship between Backarc and Cascades Core Rocks
A major goal of this study was to evaluate the relationship between the backarc rocks of
the Methow basin and the rocks of the Cascades core. This research was done to test the
hypothesis that backarc rocks were incorporated into the Cretaceous arc (Fig. 2).
The Little Jack unit (Misch, 1966, Tabor et al., 1989) was previously thought to be the
Ladner Group, which is the basal clastic member of the Methow basin. However, detrital
zircon analysis of the Little Jack unit discussed above indicates that this is not the case
(Gordon et al., 2017; Sauer et al., 2017b). Thus, the Little Jack unit does not correlate with
the rocks of the Methow basin and its relationship to the Cascades core is uncertain.
The Easy Pass metaconglomerate of Miller et al. (1994) and Haugerud and Tabor (2009)
has a younger MDA and dissimilar peaks to sediments of the Methow basin (Figs. 38 and 45)
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(Surpless et al., 2014). The Easy Pass metaconglomerate has been compared to the Virginian
Ridge Formation (Miller et al., 1994), but the MDA and overall detrital zircon distribution
contrast with the South Creek metaconglomerate, which has been correlated to the Virginian
Ridge Formation (Dragovich et al., 1997; this study). Therefore, the Easy Pass unit may be
different than the Virginian Ridge Formation. Because it has a mid-Cretaceous MDA, an
uncertain initial position prior to metamorphism, and a current location east of the Cascades
core, it could have been incorporated from the backarc side. It also could be possible that
some Skagit or Swakane rocks could represent metamorphosed Easy Pass unit.
The central and southern study domains, there is evidence of emplacement of backarc
rocks into the Cretaceous arc. This study also supports previous lithologic and stratigraphic
work concluding that the South Creek metaconglomerate was deposited on the TVS quartzite
of the arc (Dragovich et al., 1997).
Detrital zircon results indicate that the TVS phyllite and the Foggy Dew biotite schist
(Miller et al., 1994) could be related to some of the rocks to the west. The MDAs and peaks
correspond to those of some samples of the Swakane Gneiss of the Cascades core, and of the
western mélange belt and Nanaimo Group of the forearc. Because the TVS phyllite overlies
the TVS quartzite, the structural position and detrital zircon age patterns may also indicate
that younger sedimentary rocks of the backarc were metamorphosed with the Cretaceous arc.
The original relationship of the Foggy Dew biotite schist to the backarc rocks is uncertain.
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CONCLUSION
Data from metasedimentary rocks in the Ross Lake fault zone brings new insights into
the relationships between these rocks and the adjacent terranes. The following are
conclusions based on the different study areas.
1. Detrital zircon ages and structural observations indicate that the Little Jack unit is not
a basal member of the Methow basin. The Little Jack unit and the sandstone on
McKay Ridge have distinctly different signatures, which, along with the sheared
serpentinite and strong lithologic shifts along the Canyon Creek transect, support the
presence of the Hozameen fault between the Little Jack unit and the Methow rocks.
2. The ~99 Ma MDA of the Easy Pass unit is younger than that of the Virginian Ridge
Formation of the Methow basin, with which it was previously correlated. This MDA
also suggests the unit is older than the ~90-87 Ma Midnight Peak Formation, the
youngest deposit in the Methow basin. The age peaks in the Easy Pass unit do not
correspond to those of adjacent units of the North Cascades. The unit is intruded by
an ~90.1-Ma phase of the Black Peak intrusive complex (Shea et al., 2016), thus
constraining the minimum burial rate of the Easy Pass unit.
3. Field relationships of the metasedimentary rocks in the Twisp River Valley connect
backarc sediments of the Methow basin to the Cascades core. The meta-arkose (metaWinthrop Formation) structurally overlies the South Creek metaconglomerate, which,
in turn, overlies the Twisp Valley Schist quartzite.
4. The detrital zircon ages and field observations of the Cretaceous Twisp Valley Schist
phyllite reveal an unconformity or fault between the phyllite and structurally
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underlying Triassic Twisp Valley Schist quartzite. The phyllite is composed in part of
dominantly fine-grained turbidites.
5. The Cretaceous MDA and detrital zircon ages of the biotite schist in the Foggy Dew
fault zone resemble the signature of the Twisp Valley Schist phyllite. This is
compatible with the similar lithologies of the two units.
6. The Easy Pass unit, Twisp Valley Schist phyllite, and Foggy Dew biotite schist form
a belt of metasediments with MDAs that span between ˜100 Ma and 90 Ma. The
MDAs, combined with age peaks, are different than those of most sedimentary and
metasedimentary rocks of the North Cascades and Methow basin, but are similar to
some of the metasedimentary rocks of the Swakane Gneiss of the Cascades core.
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